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NOMENCLATURE

Symbols

A Area.

C Specific heat at constant pressure.P

CV Specific heat at constant volume.Cv

d Jet diameter.

f1(), f2( ) .... Gas dynamic functions defined in the text.

F Force.

g The acceleration due to gravity.

h Specific enthalpy.

L Mixing duct length.

M Mach number.

Mw Molecular weight.

P Pressure.

Q Heat.

R Universal gas constant.

St Strouhal number.

t Time.

T Absolute temperature.

V Magnitude of velocity.

w Mass flowrate.

w p Secondary to primary mass flowrate ratio.

W Mixing duct width.

W Work, shaft and shear.

sIX Longitudinal or flow-direction coordinate.
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Symbols (cont.)

Z Elevation.

y Ratio of specific heats.

p Density.

W Frequency.

Subscripts

o Stagnation state.

1,2,3 System locations.

ca Control surface.

M Mixed.

p Primary flow.

S Secondary flow.

X Quantity in the flow coordinate direction.

Superscripts

* Choked flow quantity.

Mean value.

Acronyms

APPR Approximate flow regime.

MR Mixed flow regime.

SR Supersonic flow regime.

SSR Saturated supersonic flow regime.

UCAE Unsteady constant area ejector program.
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11.0 INTRODUCTION

S I This investigation of multiple ducted streams with a periodic driver

flow was conducted to determine if the periodic driver flow was an

effective mechanism to improve the momentum and energy exchange and to

*enhance mixing between compressible high speed ducted streams. The

ducted system investigated was a two-dimensional planar, constant area,

I air-to-air, supersonic-subsonic ejector. A large scale fluidic oscilla-

tor was developed to generate the periodic pulses in the primary driver

flow. A theoretical analysis based on the assumptions of a one-

dimensional, quasi-steady, inviscid flow was developed and compared with

experimental results. An extensive experimental program examining both

steady and periodic driver flows in the ejector was carried out.

1.1 STATEMENT OF THE PROBLEM

The impetus of this investigation is rooted in fluid-dynamic prob-

lems encountered in the development of high energy chemical laser systems.

The high Mach number, low pressure streams entering the laser cavity do

not readily mix. This results in a short lasing zone and restricted

laser power output. The introduction of an unsteady flow into this flow

could potentially enhance the mixing between these multiple high speed

i compressible laser cavity streams by causing large disturbances and

gvorticity in these flows.
The high temperature, low pressure, corrosive laser cavity flow must

I be pumped, after exiting the cavity, to the prevailing ambient pressure

condition. As discussed later, ejector-diffuser systems are well suitedI
I

41
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Hfor this task, despite the fact that the ejector-diffuser is a heavy,

bulky, and inefficient addition to the laser system. Walker [1]'t dis-

Fcusses topics involved in laser-ejector system integration such as packag-

ing multiple ejectors, diffuser requirements, and staging considerations.

v The opinion was expressed by Walker, et al., that advances in ejector

packaging and investigations of the effects of laser system parameters

on ejector operation could lead to improved ejector system performances;

however, any significant improvement in ejector performance is most

likely to be the result of advances in ejector technology.

The overall goals of this research program were to investigate how a

periodic driver flow influenced ejector performance parameters and whether

a periodic driver flow in an ejector significantly enhanced mixing and

momentum exchange between the ducted, high speed, compressible primary I

and secondary streams.

The investigation had the following specific objectives:

1. To develop an understanding of the mechanisms, processes,

anid interactions involved in ducted multiple stream flows

with a periodic driver;

2. To develop and evaluate a theoretical model for such a

system;

3. To determine if a periodic driver flow demonstrates the

potential to make ejector systems more compact and/or

efficient;

Numbers in brackets refer to entries in REFERENCES.
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4. To develop a large-scale fluidic oscillator with no moving

parts, frequency adjustability, and small losses;

5. To add to the limited technology and data base of such

flows.

1.2 GENERAL BACKGROUND AND LITERATURE SURVEY

Ejectors are non-mechanical devices used to pump, compress, mix, and

convey fluids. Ejector applications include high vacuum systems, ram-

jet combustors, thrust augmentation nozzles, nuclear reactor core flow

recirculation pumps, and chemical laser pumping systems to name just a

few. Ejector system configurations range from one axisymmetric primary

driver flow nozzle concentrically directing its flow into a constant area

cylindrical mixing tube to a bank of hypermixing nozzles directing skewed

driver flows into a variable area rectangular duct [1,2,3].

The basic mechanisms of ejector operation are viscous interaction

and mixing between the primary driver and secondary induced flows. Thrust

augmentation and the pumping and compression of a secondary flow are the

result of the momentum and energy transfer from the primary to secondary

flow within the mixing duct of the ejector [4]. During ejector start-up

the momentum of the primary driver flow is imparted to the fluid within

the mixing duct; this causes a flow towards the open end of the duct.

The resulting pressure drop at the inlet end of the mixing duct induces a

secondary flow to enter the duct. The primary and secondary flows inter-

act and mix, ideally reaching a fully uniform state at the exit plane of

the ejector mixing duct.

iZ -_ 1I ., "  . :.,, , . ,," ..
.... . .



4

A number of analytical methods, differing in levels of sophistication,

have been applied successfully to ejector flows. Finite difference tech-

niques were used by Gilbert and Hill [51 to model a two-dimensional

planar, variable area, slot nozzle ejector. Hasinger [6] has applied a

one-dimensional analysis to a number of ejector mixing modes including

constant area, constant pressure, and a defined pressure profile along the

mixing duct. Tai [7] has developed a computer code that for given

entrance conditions and a wall static pressure distribution determines the

ejector wall contour by finite difference techriiques. A one-dimensional

inviscid analysis was applied by Addy and rlikkelsen [8] to the supersonic-

subsonic, constant area ejector. This analysis is based on the method of

Fabri and Paulon [9]. The quasi-steady flow ejector analysis developed

during this investigation is based on the steady flow ejector analysis of

Addy and Mikkelsen. More detailed analyses by Chow and Addy [10,11] and

Chow and Yeh [12] of supersonic-subsonic ejcctor flow use the method of

characteristics to determine the initial supersonic primary flowfield and

a one-dimensional model of the secondary flow. Viscous effects, variable

area inlet sections, and special consideration of low secondary mass flow-.

rates are incorporated into these analyses.

Supersonic-supersonic, constant area ejector-diffuser flow was

modeled with a one-dimensional control volume approach by Ilikkelsen,

Sandberg, and Addy [13]. The one-dimensional theory predicted maximum

ejector compression ratios 15 to 20 percent higher than the corre-

sponding experimental values. The supersonic-supersonic, constant

area ejector was particularly susceptible to secondary flow separation

I
I
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I which requires a more sophisticated analysis than the one-dimensional theory

used.

One-dimensional analyses of ejector flow are limited, in a strict

sense, to constant area ducts. Constant pressure and specified pressure

distribution mixing modes can be treated by one-dimensional analyses [6,8]

but rely on more sophisticated analyses or empiricism to obtain the

required wall contour. Viscous interaction between primary and secondary

ejector streams can noticeably effect the secondary mass flowrate [10,11,12]

under certain flow conditions but one-dimensional analyses do not consider

or predict such flow field details. Despite these limitations, theoreti-

cal predictions based on the simple one-dimensional approach are generally

in good agreement with experimental results.

Extensie bibliographies of ejector literature and papers have been

compiled by Addy and Mikkelsen [8,131.

Ejector pumping systems have their advantages and disadvantages when

compared to conventional mechanical systems. A detailed comparison of

ejector and mechanical pumping systems has been made by Baker and McDermit

[14]. The no-moving-parts simplicity and the simple geometry of ejector

systems facilitates protective cooling, lining, or coating of wetted

ejector surfaces. Ejectors can be fabricated from most materials without

difficulty. Thus ejectors often see service where high temperature corro-

sive fluids are involved, such as in chemical lasers. Ejectors start

quickly and respond rapidly to adjust to changing flow conditions.

Ejector applications which require large secondary flowrates and high

pressure recovery are accomplished by the packaging of ejectors in parallel
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and/or series. A diffuser is generally used to further improve the pres-

sure recovery of an ejector system. Such ejector-diffuser systems tend

to be heavy and bulky and to require considerable quantities of high

pressure primary flow to pump the secondary fluid. Optimum performance

of ejector systems is usually limited to a small range of operating con-

ditions and requires total system integration to achieve.

This investigation is based on the premise that a periodic driver

flow may enhance the modes of flow interaction beyond those which exist

in a steady flow ejector. Turbulent mixing and entrainment, the basic

mechanisms involved in steady ejector flows, have been the subject of

numerous investigations [15-22]. Experimental evidence indicates that

large scale eddies, which evolve from surface waves generated by turbu-

lence induced instabilities at a fluid interface, act as the primary

mechanism of entrainment in turbulent shear flows. The rate of entrain-

ment and mixing layer growth depend directly on the intensity of the large

scale eddies and indirectly on factors which determine the frequency of

eddy generation and the speed~ of their decay. These large scale struc-

tures in the turbulent mixing layers have often been found to be coherent

and periodic in nature.

Numerous approaches have been taken to enhance mixing by exciting

instabilities in the shear layer of air jets. Crow and Champaign [23]

used loudspeakers in a plenum chamber upstream of the exit of a round jet

discharging into the atmosphere in an attempt to force latent periodic

structures that may exist in the turbulence of the jet mixing layer.

Increased entrainment rates and turbulence levels, particularly at the
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periphery of the jet, were observed. The virtual origin of the mixing

region was shifted approximately two jet diameters upstream with a 2%

fluctuation of the exit velocity. Becker and Massoro [24] investigated the

Jinstability of an axisymmetric jet with external acoustic stimulation.

Pure tones and noise produced both large increases in the mixing layer

spread rate and large ring vortices that disintegrated into small scale

turbulent eddies. Glass [25] located a reflecting surface near the exit

of an overexpanded supersonic jet. Disturbances which were believed to be

generated in the shock cells of the supersonic flow, were directed towards

the jet exit. Periodic vortex shedding was observed at frequencies as

high as 10 kHz. The spread rate and velocity decay of the jet were notice-

ably increased. McCormack, Cochran, and Crane [26] also obtained increased

mixing rates and a shortened potential core by mechanically vibrating a

two-dimensional slot nozzle that was discharging air into the atmosphere.

Fully and partially pulsed jets were used in a number of investiga-

tions to study the effects unsteady flow had on jet mixing and turbulence.

Binder and Favre-Marient [27] used a rotating butterfly valve to pulse an
1

axisymmetric air jet; RMS velocity deviations from the mean of up to 30%

were produced at frequencies up to 200 Hz. Centerline velocity decay and

spread rates reached their asymptotic values much faster than for the

steady jet and the intensity of the turbulence increased more rapidly and

remained at higher levels well after pulsations had died away downstream.

Bremhorst and Harch [28] fully pulsed an axisymmetric subsonic air jet

using mechanically driven rollers that only allowed air flow during

approximately 1/3 of each revolution. The entrainment capabilities of the

|

.. .. , . . ..
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jet were significantly increased. Olivari [291 examined an axisymmetric

jet that was almost fully pulsed. A fluidic back pressure amplifier that

used a rotating cam to modulate the control port was used to pulse the flow.

Turbulence intensity increased significantly but mixing between the jet and

the surrounding fluid was not significantly increased over that of the

steady jet. It appears that the Strouhal number, St = wd/V, is a critical

parameter in the above studies. Olivari, et al., had St values of

8.25 x 10 - and 22 x l0-3 but the other studies, cited 'bove, had St values

from 69 x 10-3 to 800 x 10-3. In general an increase in the Strouhal num-

ber causes an increase in the entrainment of a jet and a more rapid decay

of the jet core velocity.

Viets [30] developed an alternative approach to stimulate jet

entrainment. A fluidic nozzle was used to induce a jet to oscillate trans-

verse to the flow direction. The jet spread rapidly and takes on a

serpentine appearance prior to jet breakup. Platzer, Simmons, and Bremhorst

[31] compared the effects on the entrainment of the surrounding fluid of a

transverse oscillating jet, fully pulsed jets, and co-axial jets with a

partially pulsed core. The fully pulsed jets entrained the most ambient

fluid and the partially pulsed and transverse oscillating jet entrained

approximately the same amount. All three unsteady jets entrained substan-

tially more flow than a corresponding steady jet.

Ejectors have been the subject of a number of pulsed flow investiga-

tions [32-35]. The primary driver flow was fully pulsed by a rotating

valve mechanism in each of these studies. "Slugs" of primary flow are dis-

charged into a duct producing compression waves in front of the "slug" and

. . " ... . ... .



rarefaction waves behind it. The piston-like wave action of the primary

II flow "slugs" effectively induced a secondary flow into the duct. The normal

mode of energy and momentum exchange in these "wave energy exchangers" is

ideally isentropic and more efficient than the irreversible mixing

mechanism operating in steady flow ejectors. The secondary-to-primary

mass flowrate ratio of the pulsed flow ejector was much larger than the

mass flowrate ratio of the corresponding steady flow ejector in certain

cases. Since the secondary or induced flow stagnation pressure and the

exit plane static pressure were atmospheric, nothing is known of the pres-

sure recovery capabilities or the effects of the back pressure on the

I performance of this pulsei ejector.

In some cases steady flow ejectors have been found to resonate

under certain pressure conditions. Quinn [361 has examined the effects of

j these screech tones on ejector performance. It appears that resonance may

have fixed the frequency of shear layer vortices, thus strengthening them.

I Increased entrainment and mixing between the secondary and primary flows

were observed.

Experimental evidence strongly suggests mixing between multiple

ducted streams and ejector performance can be improved by an unsteady

periodic driver flow. All but a few of the investigations described above

were concerned with a significantly different flow situation than is con-

sidered in this investigation; however, turbulent mixing and/or entrainment

are essential to each one.

I

I

I [f
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2.0 THEORETICAL ANALYSIS OF THE CONSTANT AREA SUPERSONIC-
SUBSONIC EJECTOR WITH A PERIODIC DRIVER FLOW

A one-dimensional, quasi-steady analysis was used to model the

unsteady ejector flow. A computer code, UCAE, was written to perform

this analysis on either experimentally determined input conditions or on

a default set of conditions including a periodic sinusoidal driver flow.

Figure 2.0-1 indicates the location of the stations and control volume

used in the overall analysis. The analysis assumes that uniform super-

sonic primary and subsonic or sonic secondary streams enter the mixing

duct at Station 1, interact and mix, and exit the duct as a uniformly

mixed subsonic flow at Station 3. Part of the quasi-steady analysis is

based on the method of Fabri and Paulon [9] for the steady flow analysis

of an ejector.

2.1 EJECTOR FLOW REGIMES

Four ejector flow regimes are considered in this analysis. These

flow regimes are characterized by the secondary-to-primary static pres-

sure ratio at Station 1, P /P , and whether or not the flow conditions
8 1 P

at Station 1 are independent of the back pressure. The "saturated supersonic"

regime, SSR, car, exist when P.1 /P Pi > 1.0 and M = 1.0. if PS /P P1> l.0O

the secondary flow expands against the primary as these streams enter the

mixing duct and the minimum secondary flow area is at Station 1. The

"supersonic" regime, SR, can exist when P 1 /Ppi < 1.0 and, as discussed

later, when the secondary flow is choked at an aerodynamic throat formed

between the primary flow and the duct wall. An "approximate" regime,

APPR, is used to model flows which are ideally in the supersonic regime

u ~Low, i

-- " : ....". .. .. L " " " "'" ' * 'r 
'
. .. . . . .. , .. . .. . . . .. .,. , .- , . . .. ...,, , _". ..- . .. , :IA .... .' IT ]
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but due to computational difficulties are most practically modeled by

assuming P. /pP1 =1

The three regimes mentioned above can occur only if the back pres-

sure, P, .is sufficiently low. If the back pressure is too high, the

secondary flow cannot be choked in the supersonic and saturated super-

sonic regimes and the P.1 /PP , 1.0 condition used in the approximate

regime is no longer a good assumption. The "mixed" regime, MR, exists

when the back pressure is too high to allow the other regimes to operate.

In the mixed regime the subsonic secondary flow conditions at Station 1

are dependent on the back pressure imposed at the exit plane, Station 3.

SR, SSR, and APPR flow conditions at Station 1 are always independent of

the back pressure.

The flow characteristics which distinguish one flow regime from

another are "break-off" conditions. By changing ejector operating condi-

tions, ejector flow can "break-off" from one flow regime to another. For

example, SSR flow breaks-off with MR flow at M,= 1.0 and P /P1  > 1.0,

the "break-off" conditions. If M,, is somehow decreased from its

"break-off" value of 1.0, the flow breaks-off from SSR to MR flow. The

theoretical analysis determines ejector flow parameters at break-off

points between the mixed regime and back pressure independent regimes.

For the given input data, the solution procedure used to determine

ejector flow conditions at Stations 1 and 3 depends on the basic charac-

ter of the flow that is possible at Station 1. Each of the four flow

regimes considered in this analysis requires a different computational

approach. The determnination of the flow regimes which can exist within
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l: the ejector is the initial step taken in the analysis. This initial

determination c=iuires consideration of the possible secondary-to-primary

static pressure ratio at Station 1, Ps /Pp . The back pressure imposed

at the exit plane of the ejector is also used to determine which one of

two possible regimes exist, MR or a back pressure independent regime.

If P,1 /PP > 1.0, the regime of operation is either the saturated

supersonic or mixed regime. In either case, the secondary flow expands

against the primary flow as both streams enter the mixing duct. The

minimum secondary flow area is at Station 1 so 0 < M 1 < 1. When the

secondary flow is choked, M,1 = 1, the regime is saturated supersonic;

otherwise, the mixed regime must exist, M , < 1. The mixed regime occurs

when the back pressure is too high to allow secondary choking.

Both the supersonic and mixed regimes are possible when P S1/PP < 1.0.

The primary flow expands against the secondary as each stream enters the

duct. It is assumed, after Fabri and Paulon [9], that the primary and

secondary streams remain distinct during their initial interactions and

that if the back pressure is sufficiently low, the secondary flow is choked

at an aerodynamic throat formed between the primary flow and the duct wall.

If secondary choking does occur at some location, Station 2, within the

duct, see Fig. 2.1-1, the ejector operates in the supersonic regime. An

ejector with an unchoked secondary flow is operating in the mixed regime.

SR, SSR, and MR flows do not include all the possible input conditions

which require a separate computational solution procedure. The supersonic

and saturated supersonic regimes "break-off" into the mixed regime if the

secondary flow becomes unchoked, however, the saturated supersonic regimeN
, I. . .i .. ... .
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computationally does not necessarily "break-off" into the supersonic regime

at the conditions: M,= 1 and P i/Pp1 = 1. If a supersonic regime flow

is considered, one would expect that as P1 /Pp, is increased the location

of the choked secondary flow, Station 2, would approach Station 1 as

P /Pp approached a value near 1. Thus, M,  should approach M5 2 or a

value of 1. The computational procedure for the supersonic regime solution

involves a search algorithm in which H is successively incremented and

used as a calculation parameter. Typically for a certain set of input

conditions, a value of P /P1  I is encountered with M1 < 1. A

supersonic regime solution is no longer obtained and the flow conditions

are not at supersonic-saturated supersonic break-off values. The lowest

value of M 1 at which this occurs is defined as the critical secondary

Mach number, M crit , and marks the break-off of another computationally

distinct regime within the supersonic regime. It has been found that

supersonic regime solutions may exist for M,,t < M,1 < 1. These solutions

all have values of PI/PpI very near to 1.0 which is also the break-off

condition between the regimes of supersonic and saturated supersonic flow.

It appears tr'at solutions in this regime can be well approximated by assum-

ing P1 /P 1 = 1. This "approximate" regime appears to be the result of the

sensitivity of the flow at these conditions and the need for greater

numerical accuracy. The computational procedure in the supersonic regime

involves a search technique and requires iterations to determine a solution

by the Fabri criterion at each step of the overall search. It appears that

a substantial increase in the overall number of i+erations would be

required to obtain an accurate SR solution that, at these flow conditions,

probably does not significantly differ from the APPR solution.



15I
Theoretically the supersonic, saturated supersonic, and approximate

regimes all break-off into the mixed regime flow when the imposed back

pressure is greater than the theoretical value at the break-off condi-

tions. However, as previously mentioned, when the back pressure is lower

than the break-off value, the flow conditions at Station 1 are unaltered

from their break-off values and are independent of the back pressure.

Figure 2.1-2 is a sketch to scale of the solution surfaces determined by

the analysis for the ejector configuration which was examined experi-

mentally. Break-off values establish the loci of break-off points along

which the SR, APPR, and SSR surfaces intersect the MR surface. In the

analysis and in Fig. 2.1-2, PSO/PPO is an input flow condition, Prz/P 0o

is the non-dimensional back pressure boundary condition, and M.1 is the

dependent variable.

2.2 OVERALL CONTROL VOLUME ANALYSIS

The control volume used in the overall analysis is indicated in

Fig. 2.0-1. It was assumed that piecewise uniform flows enter the duct

at Station 1 and exits subsonically at Station 3 as a uniformly mixed

flow. A unique solution is obtained by determining from the input flow

conditions which of the flow regimes is possible when the back pressure

is sufficiently low. Flow conditions at Station 1 can then be determined.

If the back pressure is greater than the break-off value, the mixed regime

exists and a unique solution is found by satisfying the back pressure

boundary condition. The conservation principles are applied to the over-

all control volume, Fig. 2.0-1, to determine both the exit plane conditionsI
I

* . .
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at the break-off point and the mixed regime solutions. The overall control

volume analysis has a unique solution for the back pressure independent

regimes, i.e., the break-off solution. The analysis cannot, for instance,

find the exit plane Mach number, M,,, when the back pressure is less than

the break-off value.

The theoretical analysis with an unsteady driver flow was carried-out

under the assumption of quasi-steady flow. The periodic input flow condi-

tions were subdivided into time increments and the theoretical analysis

was performed during each time increment as if the flow were steady and

independent of other time increments. Approximate integral averages of

the performance parameters can then be obtained.

The following assumptions are made in the analysis:

1. Quasi-steady flow i(.t 0 for each time step;

2. Piecewise uniform flow at Station 1;

3. Fully mixed uniform flow at Station 3;

4. Frictional effects within the duct are negligible;

5. No shear or shaft work;

6. Gravitational potential energy changes are negligible;

7. The flow is adiabatic and non-reacting within the duct;

8. Primary and secondary gases are calorically perfect;

9. The primary nozzle base area is negligible; and

10. Flows are brought isentropically from their stagnation

states to Station 1.

Continuity may then be expressed as:

c pV dX = 0 (2.2-1)
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or
PlV p1A p1 + p, 2 I, l A, $I p nzV noA T (2.2-2)

If the mass flowrate, w = p AV, is employed, the continuity equation

may be written as:

Sw+w = Wm (2.2-3)
0 rp

or

w +Pw+ I /w (2.2-4)

where wp = w /w is the mass flowrate ratio.

The mass flowrate function is:

_ TO = ML[ + t~32]] f (yM) (2.2-5)

Expressing the mass flowrate ratio, w p, in terms of the mass flowrate

function yields:

P A Mw
]- f1 [ 'M1  (2.2-6)

3 P P p1 A pw T0 f 'Mp7

Conservation of momentum in the X or flow direction may be expressed

as:

FX = a V X(p V. dA) (2.2-7)

The momentum equation for the overall control volume is:

PAA +PA P PA = A 2 + p AAV +pAV 
pi P1 1 21 iS n n n P1 ip SIiis

(2.2-8)

Using the relationship

p V2 PyM2 (2.2-9)
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Eq. (2.2-8) can be written as:

p Y M2 ,Z I + _ yM2 (2.2-10)

Substituting Eq. (2.2-6) for PS1/P and expressing P 3 /P p in terms of the

mass flowrate function, Eq. (2.2-5), produces:

f 2 'Yri'Mx3 -MW T 1/2Pol(2.2-11)

where the function f2 (y,M) is defined as:

f2 (y,M) 1 + YM2. (2.2-12)

M ly (l + y.L2 1 2

Solving Eq. (2.2-12) for M produces:

- f[2 - - 21 + 2 ti}Ff 2 -rl]12
M - # 

- 2 _ [f2 + Y j -(2.2-13)
(Y-1) 2

Only the subsonic solution of Eq. (2.2-13) is used.

The energy equation can be written in the form:

At - F : h + + gZ(p V • dA) . (2.2-14)

Under the foregoing assumptions, the energy equation simplifies to:

h(P V dA) = 0 (2.2-15)

where ho = h + V 2/2. For adiabatic flow, the overall control volume

analysis energy relation is:

i



1 19

- h w + h w =h w (2.2-16)

Os s Op p On n3

I Using Eq. (2.2-4) and that ho  CPT o produces:

1T =  + r + () T 10 (2.2-17)

I Dalton's law of partial pressures is assumed to be applicable to the

mixing process within the control volume as a means of determining the

mixed flow gas properties at Station 3. Mass flowrate ratios are used to

express the mass fractions in the relations for a constant volume mixing

process. This is perhaps the most unrealistic part of the quasi-steady

approach for non-constant property flows. The properties of the "slugs"

of flow currently entering the duct are used to determine the exit plane

properties at the same point in time. These conditions at Station 3 are

then assumed to be the back pressure conditions affecting the flow at

Station 1. If amplitudes and/or phase lags are small this will not result

in a significant error. The mixed flow properties expressed in terms of

w and the primary and secondary gas properties are:

p
P - 1 +w(2.2-18)

" " I+ s p C
Mw l+w

Mw _ w (2.2-19)

!

I P W

-7
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Jw

N-11 mw (2.2-20)

Using the relationship

CR
p Mwy-l)

the ratio of specific heats can be expressed as

(C j - y y-l P (2.2-21)
p MWS

P

Thus the mixed flow gas properties are defined in terms of y , yp, Mw,

Mw , and wP 5P

The non-dimensional form of the back pressure boundary condition,

P 1/P.0 can be found using Eqs. (2.2-4) and (2.2-5). The result is

P r.13 P r1 P p P P p o
P P P p

r A3 - / P3 Al +pO MP1( . - 2

sO p1 pO sO

P1 0F 0io/po ph + f p pO1 (2.-22

The preceding relations are used to formulate a solution procedure

for the back pressure independent and mixed flow regimes. In this pro-

cedure, it is assumed that (yP, y , p1 , P. /PS, A P/Ajr Mw /Mw P

T o/Tpo) are known. In the mixed regime, unknowns include (w p, PS1 /PpI

M m3 , 1 , TmO/TpO . The problem for the back pressure independent regimes

has some of these variables specified from the outset.

--- * ".<......................
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In the saturated supersonic regime, M - 1.0; in the approximate
regime, P. /P = 1.0. The static pressure ratio, P /P , can be

eg IP1 S 1

determined for a value of M.1 by the Fabri criterion in the supersonic

regime; in this regime, M., is used as a calculation parameter. As pre-

sented, the problem is not closed. There are five mixed regime unknowns

but only three conservation equations and the back pressure boundary

condition are available to determine them. The back pressure independent

regimes have four unknowns and three equations. One basic unknown must

be specified as a calculation parameter. The secondary-to-primary stag-

nation pressure ratio has been chosen as the calculation parameter. The

pressure ratio, P0 /Ppo' is fundamental to both flows and can be experi-

mentally measured versus time without difficulty. Thus P,,/Pp, can then

be determined from the isentropic relation:

I y -1 2Y/'Y
/ s  YS/I-Y

P, I + M 2 , Po
1+ 2 -I s/- Po (2.2-23)

p1  lP_}M2 P P O

L for a given M 1 ; the problem is closed.

2.3 SUPERSONIC REGIME ANALYSIS

A control volume analysis, see Fig. 2.1-1, which is based on the

method of Fabri and Paulon [9] has been used to determine supersonic

regime secondary flow conditions at Station 1. Due to the interaction

between the primary and secondary streams within the duct, the assumption

is made that the secondary flow chokes within the duct at Station 2 and

that the secondary and primary flows separately co-exist to fill the duct.
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The pressure ratio, P1 /Pplis found for an assumed value of M by apply-

ing the conservation of mass and momentum between Stations 1 and 2. fIsi is

determined by iteration by a search routine until the value of P81 /Ppi

obtained from the Fabri criterion agrees with the value resulting from

input conditions: M1 , P0o/PP0 , and the assumed M.1.

The following assumptions have been made:

1. The primary and secondary streams remain distinct and

uniform between Stations 1 and 2;

2. The mean pressures of the primary and secondary flow

may differ at any cross section;

3. PS /PPI < 1.0;

4. M 1.0;

5. The flow is isentropic;

6. The body forces are negligible;

7. The wall friction can be neglected;

8. No shear or shaft work;

9. The primary nozzle base area is negligible; and

10. The flows are brought isentropically from their stagna-

tion states to Station 1.

The area ratio, AI/A 2, can be expressed with the area ratio function,

A/A*,

A/A*(y,M) = I -L -H 1 + ( ._ j / - f (y,M) (2.3-1)

as

AI /A.2 =A/A*(Y. ,M,
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since M.2 =1. The flow area available to the primary at Station 2 and

j the determination of Mp2 follow directly from the conservation of mass;

the relationship is

A/* A/A*( AM1  2

A/A(Y } M A I

or

f3(~ 2  [A,~M~3 I lA/A ~ (2.3-2)

N p2, found numerically, must be greater than M _1pl"
1

Conservation of momentum between Stations 1 and 2 produces:

P A 1  + Y,,1 + P A 1 ( + Mp : P 2 A2 (l + y,

+ PA~l +(2.3-3)

Dividing by Pp1 Ap1 and rearranging for computational simplicity, the

expression for P1 /P is:
-- /Psl A/A

P P 1/P ~ A /A*l + 2 Y 1/P " A " 1 2 - (2.3-4)
PP 1/Ar !P2/P
P 1 l-A,/A IFl+ .2 isso_' l +,l ( .I I,

Ak1 /A p1 /PJ AS /A*Jj

With the input values of (Y. y, M1I, A 1 /Arz and an assumed trial

value of-MN1 , Eq. (2.3-4) can be solved after determining M 2 from

Eq. (2.3-2) and the isentropic relations. The supersonic regime solution

for flow conditions at Station 1 has been completed when a value of M is

found that results in convergence of the values of P /Pp determined from

Eqs. (2.2-23) and (2.3-4).LI
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2.4 COMPUTATIONAL PROCEDURE

The steps in the computational procedure are:

1. To determine which back pressure independent regime can

exist,if the back pressure is sufficiently low,at the

assumed value of the calculation parameter, Po/Ppo;

2. To use the appropriate Station 1 conditions and the

overall control volume analysis to determine the result-

ing exit plane break-off conditions; and

3. To perform an iteration for a mixed regime solution if

the back pressure condition imposed at the exit plane

is greater than the break-off value determined in item

2 above.

The first step taken to determine which back pressure independent

flow regime can exist is to determine the flow conditions at which the

supersonic and approximate flow regimes break-off from one another. M.rit,

the break-off value between these regimes of the secondary flow Mach

number at Station 1, is found by carrying out the supersonic regime

analysis in Section 2.3 with assumed values of M The minimum value of

M which produces Psi/Ppi = 1.0 from Eq. (2.3-4) is the critical Mach

number, M r The search for M 1  is not difficult because P1 /PP

increases monotonically with M in the supersonic regime. The correspond-

ing break-off value of P o/Ppo is found using the relation
IP, o P /P Ps

p= Ppo - P (2.4-1)IPol , t P IIPso PPI

where the isentropic relations and P I/Pp 1.0 are used.

k p1

• _ __ . .. . .. . .... . . .j ,2- -

~,. n~w, ~ ~ -. ___________i
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The possibility of a SSR flow can be determined by assuming M. 1.0

and solving for the resulting value of P. /Pp . The relation is

P 1  01

P,
_ s 0

Fp p/pO (2.4-2)

If P 1 /PP1 > 1.0, either the saturated supersonic or mixed flow regime must

exist. When P I/Pp1 .0 and P,/0 > (P.O/P o" ri , the flow regime

must be either approximate or mixed. Either the supersonic or the mixed

regime exist for values of P0o/Ppo lower than (P, 0 /Ppo c Thus, as

previously discussed, back pressure independent flow conditions at Station

1 are determined.

The overall control volume analysis is then used to determine the

flow conditions at Station 3. This is accomplished by solving in order

Eqs. (2.2-23), (2.2-6), (2.2-20), (2.2-21), (2.2-18), (2.2-19), and (2.2-17)

for PI/Pp1 ' wp and mixed flow gas properties. Pi/Ppi 1.0 is assumed

for APPR flow so Eq. (2.2-23) is used to determine Ms1  r. is found by

solving Eqs. (2.2-11) and (2.2-13). Only the subsonic solution of

Eq. (2.2-13) is considered. The break-off back pressure ratio, Pm3/Po,

is determined by using Eq. (2.2-22). If the imposed back pressure ratio

is greater than this break-off value, the mixed regime exists. In the

mixed regime, an iterative procedure is necessary to find the value of M

which causes Pz /P.0 to converge to the given value. Each iteration for

a MR solution must start with Eq. (2.2-23) and then proceed with the over-

all control volume analysis as discussed above.

A computer code, UCAE, was written to perform this analysis. Section

J 6.0, the APPENDIX, contains UCAE and a sample input and output.

, A
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2.5 PARAMETRIC STUDY

A parametric study of theoretical ejector results was made with UCAE

for a wide range of P0 /P values. The input conditions used for this

parametric study correspond tc the experimental setup. Values of w,

Psi/P , M1 , and P,, /P.o at the break-off conditions of the back pres-

sure independent regimes with the mixed regime are plotted versus P 0 /PPO

in Figs. 2.5-1, 2.5-2, 2.5-3, and 2.5-4. The lowest value of P o/Ppo

plotted in these figures corresponds to M 1 = .001, the minimum value

considered by UCAE.

The mass flowrate ratio, Fig. 2.5-1, is a smooth monotonic function

of P 0 /PPO, increasing with P 0 /P in all three back pressure independent

flow regimes. The slight change in slope between the SR and SSR segments

of the curve occurs gradually over the APPR segment of the curve.

The static pressure ratio, P 1/P1P, is a linear function of P o/Ppo

for SSR flow but is nonlinear for SR flow, see Fig. 2.5-2. Discontinuities

exist in the P,1 /P 1 solution at the SR-APPR break-off and the APPR-SSR

break-off. The SR-APPR discontinuity is due to the P,1 /Pp1 = 1.0 approxi-

mation for APPR flow and insufficient numerical accuracy, as previously

discussed. The APPR-SSR discontinuity is due to the constant secondary

choked flow area in SSR flow which imposes an additional constraint on

the nature of the solution. This is more apparent in the plot of M 1

versus Po/Pp, Fig. 2.5-3.

Figures 2.5-4 and 2.5-1 shows the relationship existing between

ejector pressure recovery and mass flowrate performance. Large mass flow-

rates are obtained in the saturated supersonic regime at the sacrifice of

-;A M
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the pressure recovery. The converse is true for supersonic regime flows at

I lower values of P0o/Ppo.

Figures 2.5-3 and 2.5-4 are the normal projections of the loci of

break-off points between the mixed and back pressure independent flow

regimes, as shown in Fig. 2.1-2, onto the Po/Ppo, M,,] and

I (p /PPO, P /Po planes, respectively.

I

4-1

.k __ _ . I .
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Figure 2.0-1 Control volume used in the overall analysis
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SECONDARY S

PRIMARY _________ ______________

Figure 2.1-1 Control volume used in the supersonic regime analysis

NOR
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A ~Qres of 3.0 THE EXPERIMENTAL PROGRAM

A srie ofsmall-scale cold air flow experiments were conducted at

the University of Illinois Mechanical Engineering Laboratory to determine

what effects a continuous periodic driver flow had on the performance and

flow characteristics of a two-dimensional, planar supersonic-subsonic

ejector. A wide range of operating conditions were examined with both

steady and unsteady primary driver flows.

3.1 EXPERIMENTAL APPARATUS

Filtered and dried compressed air at a maximum pressure level of

850 kPa was supplied from a compressor connected to a 100 m3 storage

tank farm. Steady-state operation was possible for experiments requiring

mass flowrates of approximately 1 kg/s or less of compressed air. This

air supply system was the source of primary flow in all ejector

experiments.

The continuous flow test facility, which was used to run these

experiments, consists of two test stands and a central control panel.

Each test stand has a two and a three inch compressed air supply line.

The stagnation pressure in either line can be adjusted independently at

the control panel by air operated control valves. Two sets of U-tube

manometers on the control panel are used to measure pressure differences

across VDI standard nozzles to determine mass flowrates. Control panel

switching allows the selection of U-tube manometers with fluid specific

j gravities of 1.0, 2.95, or 13.7. A Wallace and Tiernan Series 1500

0-150 psia pressure gage with a .0667% full scale accuracy was used to
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measure pressures at various line and test locations and to calibrate some

pressure transducers. A Wallace and Tiernan precision manometer and a

Lontrol panel regulated vacuum source were also used for pressure trans-

ducer calibration. Each test stand has 20 pressure taps connected to a

40 tube mercury manometer board. The manometer board was used to measure

the secondary stagnation pressure and to obtain a quick visualization of

the approximate static pressure distribution within the ejector mixing

duct.

The ejector primary flow was taken from a 2-inch supply line on one

of the test stands. A VDI standard nozzle, located upstream of the test

stand, was used to measure primary mass flowrates. The supply line was

reduced to 1 inch pipe at the test stand source. A hose fitting was

machined from a standard 1 inch pipe nipple so that nylon reinforced

flexible tubing could be used to connect the primary flow directly to the

ejector inlet for steady experiments or to the inlet of a large-scale

fluidic oscillator for the unsteady driver flow experiments. Figure 3.1-1

is a schematic of the experimental apparatus which details primary and

secondary flow lines.

The secondary flow was induced through a smooth elliptical inlet

nozzle from the atmosphere. A VDI standard nozzle block, located in the

middle of a 2.13 m length of seamless 2-inch tubing, was used to deter-

mine the secondary mass flowrate. The flow was throttled with a gate

valve to the desired stagnation pressure after it had passed through the

VDI nozzle and a .35 m3 holding tank. A four port manifold was used to

distribute the flow to the secondary inlets on the ejector unit. The

it
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threaded holes seen in Figs. 3.1-2 and 3.1-3 are the secondary flow inlet

ports.

The holding tank, mentioned above, was used to avoid mass flowrate

measurement errors typically encountered when a metering orifice or

nozzle is used in the measurement of an unsteady flow. The deviation due

to unsteady or pulsatile flow of the metering device discharge coeffi-

cient from steady flow values is not well understood. Investigations

[37,38] have shown that frequency, amplitude, wave form, and the pressure

difference across a flow metering device all have to some degree an effect

on the discharge coefficient in a periodic flow. A decoupling of the

dynamic pressure difference across the metering device with the velocity

through it as well as vortex shedding phenomena due to the unsteady flow

are suspected of erroneously altering mass flowrate measurements.

Pressure drops across a metering nozzle or orifice in a periodic flow are

not representatively measured by U-tube manometers.

For experiments conducted with pulsating flow, the holding tank adds

sufficient capacitance to the secondary flow system so that pulsations

are damped in the flow to a negligible level at the VDI standard nozzle.

The holding tank that was used has more than adequate volume to damp the

flow according to the Hodgson number criterion discussed by Ower and

Pankhurst [39].

Pulsation of the primary flow was achieved with a large-scale fluidic

oscillator. No moving parts, simplicity, small losses, and frequency and

j amplitude variability were reasons for using a fluidic device to produce

the pulsations in the driver flow. An initial effort during this program
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involved the selection and development of a fluidic oscillator configura-

tion to produce the pulsating primary ejector flow. Scale models of

promising fluidic oscillator geometries were fabricated from styrofoam

for performance testing using the hydraulic analogy. The hydraulic

analogy is a convenient way to study and visualize unsteady compressible

flow; thus it provided a qualitative means to understand the factors

influencing the oscillator performance [40]. The particular oscillator

configuration used in the air flow experiments was chosen because of its

capability to self excite, its pressure level insensitivity, frequency

stability, its large amplitude pulses, and the ease with which its operat-

ing frequency can be varied. Essentially the same oscillator configuration

was used by Halbach, Otsap, and Thomas in a fluidic temperature sensor [41].

This oscillator consists of a fluid jet which impinges on a knife-

edge, a feedback loop, and a resonance chamber; the body of the oscillator

is shown in Fig. 3.1-4. A jet impinging on a knife-edge is in a bi-stable

condition; the jet tends to flip to one side of the knife-edge or the

other. This flipping action results in a pressure pulse moving through

the portion of the oscillator fed by the jet. Pulses are either reflected

back to the jet at the end of the resonance chamber or looped back to the

jet through the feedback loop; in either case, the interaction with the jet

causes the jet to flip to the other side of the knife-edge. The resonance

chamber has an opening at the reflecting end, as shown in Fig. 3.1-5,

through which the periodic primary driver flow enters the ejector. Flex-

ible tubing made up a part of the resonance chamber between the ejector

inlet and the oscillator body. Similarly, the feedback loop was completed

IL______ ~ ~ 7
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IF I outside of the body of the oscillator with flexible tubing and a machined

1800 turn. Oscillator frequencies were adjusted by changing the lengths

of the resonance chamber and the feedback loop tubing. Stagnation pres-

sure probes were located in the hose fitting connecting the source flow

to the oscillator inlet and in the hose fitting at the reflecting end of

the resonance chamber. The latter stagnation pressure probe was located

imediately upstream of the ejector primary flow inlet.

The oscillator knife-edge can be moved along its centerline, see

Fig. 3.1-4, so that the distance between the oscillator inlet and the

knife-edge can be varied. However, the oscillator knife-edge was always

positioned for the maximum oscillator inlet to knife-edge distance allowed

rj by the geometry of the oscillator body. Hydraulic analogy findings indi-

cated that this position, for the given fixed oscillator inlet and exit

flow areas, would probably produce the largest amplitude pulses [42].

This knife-edge position avoided possible vibration problems which an

extended knife-edge could have created. However, this oscillator configu-

ration was limited to only one pulse amplitude for a given operating

frequency and oscillator inlet stagnation pressure.

A planar two-dimensional, constant area, supersonic-subsonic ejector

was built for this investigation. The primary flow enters the ejector

mixing duct through a continuous slope converging-diverging nozzle designed

for a uniform Mach 2 exit plane flow by the method of characteristics with

a boundary layer displacement thickness correction. From a stagnation

pressure traverse across the exit plane of this nozzle, a reasonably uni-

4 form flow was found with Mach numbers in the range: 1.98 < M < 2.01. This
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was a pleasant surprise because the nozzles were cut rather thin near the

exit plane to minimize the base area between primary and secondary flows;

see Figs. 3.1-3 and 3.1-6. The machining process left the nozzle blocks

slightly warped and it was necessary to straighten them. To correct

sealing problems, multiple assembly-disassembly operations were initially

required. Based on static pressure measurements taken after the final

assembly of the ejector, the centerline exit plane Mach number was found

to be approximately M PI=1.96.

The ejector unit itself consists of two types of assemblies. A base

assembly in which secondary and primary flows are brought to their con-

fluence point, Fig. 3.1-6, and three aluminum mixing duct assemblies,

Fig. 3.1-7. The base assembly was made primarily from stainless steel to

improve its dimensional stability, to increase its mass, and to reduce

vibration. The supersonic primary flow enters at the center of the mixing

duct inlet interleaved between two subsonic secondary streams. The nomi-

nal width, W, of the constant area rectangular mixing duct; i.e., the dis-

tance across both secondary and the primary streams, is 33.07 mm. The

distance from the primary flow centerline to a secondary flow wall, half

of the width, is 16.54 mmv and is indicated in Fig. 3.1-6. The height of
the mixing duct, the dimension normal to the page in Fig. 3.1-6, is

15.24 mm. The primary to mixing duct flow area ratio is 1/3. Static

pressure taps are located along the centerline of each of the four mixing

duct walls. The first four pressure tap locations are at intervals of

X/W = 1/3 the duct width, W = 33.07 mm. The remainder of the taps are at

one duct width intervals in the X or flow direction starting at X/W =2.0.
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The base assembly pressure taps and the secondary stagnation pressure

probes can be seen in Figs. 3.1-6 and 3.1-3. Static pressure taps are

located in the center of the pri,-ary and secondary flow inlets at Station

1 and on the primary flow centerline of each mixing duct assembly very

near the exit plane. The three mixing duct assemblies produce total duct

length-to-width ratios of 5, 9, and 13, when mounted on the base assembly.

The L/W = 5 combination was found to be too short to be of practical

interest. The shortest duct assembly was modified so that it could be

attached to the longest mixing duct. Thus, a mixing duct of L/W = 16.374

could be investigated.

A back pressure valve and muffler were connected to the exit plane of

the ejector. The back pressure valve was always kept open and was not

used to adjust the exit plane pressure. The valve was mounted on a seal-

ing plate, thus providing a chamber, into which the ejector flow discharged.

The muffler attached directly to the back pressure valve. A stagnation

pressure probe was mounted on the sealing plate and was used to measure

the stagnation pressure at the center of the exit plane and at a point 3/8

of the duct width off of center.

Figures 3.1-8 and 3.1-9 are two views of the assembled flow system.

The oscillator is located on the right in both figures; the resonance and

feedback tubes were set-up for a 142 Hz operating frequency. The back

pressure valve and muffler are located on the left. The hulding tank is

behind the oscillator.

j An electronic data acquisition system capable of recording four

channels simultaneously was used to collect the data for all unsteady
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experiments. Pressures were measured with CEC type 4-312 strain gage

pressure transducers. These transducers were mounted in case assenbl'as

or line adapters. Scanivalve "zero" volume line adapters were used;

these line adapters were designed for use with CEC type 4-312 transducers

and are designed to minimize the volume around the transducer diaphragm

within the adapter. Figure 3.1-10 is a cross-sectional view of the

Scanivalve "zero" volume line adapter with a transducer in place. Each

transducer had a cap custom fitted to its diaphragm in accordance with

Scanivalve specifications. Pressure waveform distortion due to adapter

and pressure line capacitance was minimized by using the Scanivalve

adapters and by keeping the connecting pressure lines as short as possible.

A 20 mm long piece of #16 gage flexible tubing was used to connect these

transducer line adapters to the pressure taps on the ejector unit. All

distances between ejector pressure taps and transducer diaphragms were

less than 75 mm. CEC type 1-183 signal conditioners were used to excite,

balance, and calibrate the transducers as well as to provide an amplified

output. Figure 3.1-11 is a schematic of the instrumentation system used.

The signal conditioner output was recorded with a Biomation 1015

waveform recorder. This unit is capable of recording four channels

simultaneously at sampling rates as high as 100 kHz. Both analog and

digital output were available from the Biomation, thus allowing the exami-

nation of data on an oscilloscope before initiating the recording of the

digital output on tape. The digital output from the Biomation was

recorded with a [lemodyne model 2146 digital cassette recorder. A Datos

305 data interface was used to present the Biomation digital output in an



713
acceptable form with formatting to the Memodyne recorder. A Data Works

Model 1700 was used to do this for some of the initial experiments.

A Texas Instruments Silent 700 ASR terminal was used to transmit

the recorded data to a CDC CYBER 175 computer.

3.2 EXPERIMENTAL PROCEDURE

Cold flow air experiments were conducted to study and compare

steady and unsteady ejector performance characteristics. All experiments

were conducted at stagnation pressure ratios, P.0/P0 , that would produce

supersonic regime flow at sufficiently low values of P n /P0., As can be

seen in Figs. 2.1-2 and 2.5-4, the maximum pressure recovery in the back

pressure independent flow regimes, which occurs at the break-off point

with MR flow, is noticeably less for SSR and APPR flows than SR flow.

Since this investigation is concerned with high pressure recovery applica-

tions of ejector systems, the objectives of this investigation can most

efficiently be met by investigating only the SR flow range of values of

P.0/p 0 . Also, a pressurized secondary system would have been required to

investigate SSR and APPR flows. It can also be seen in Fig. 2.1-2 that

higher P. /P'0 9 according to the theoretical analysis, are obtained in MR

flow than SR flow. Thus MR flow, near break-off with SR flow, was investi-

gated to obtain a more complete understanding of ejector performance near

brea k-off.

The effects of a pulsing driver flow, its frequency, the back pres-

sure, and the mixing duct length on ejector performance and the behavior

of the flow within the mixing duct were investigated for evidence of
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significant variations in mixing and pressure recovery processes as well as

ejector entrainment characteristics. Ejector flow data were also taken to

determine how well the analysis predicts flow conditions at Station 1 for

both steady and periodic primary flow.

3.2.1 Steady Flow Experimental Procedure

An extensive set of steady flow experiments was conducted in

order to gain a detailed knowledge of the ejector operating characteristics

and to form a basis with which an unsteady driver flow could be judged.

Preliminary experiments were conducted to determine at what values of

P, /Po SR flow began to break-off to MR flow and how w /w p decreased as

P /Po was increased beyond the break-off value. These experiments were

accomplished by adjusting the stagnation pressures to different levels so

that their ratio, P0 /P0 , remained constant while the back pressure condi-

tion, P /P, varied. During these experiments Pr remained approximately

constant. The mass flowrate ratio proved to be quite sensitive to the back

pressure; it decreased as P,,/Po increased once the ejector flow had

passed break-off conditions and was in the mixed regime. It was learned

that the mixing duct static pressure profile could be used as a reliable

indicator of whether or not break-off of SR to MR flow had occurred and to

what extent. This was helpful in conducting the experiments since the flow

began to break-off at lower values of Pm /P, and more gradually than pre-

dicted from the theoretical analysis.

Back pressure independent flow conditions were investigated for values

of P.0/Ppo in the approximate range: .048 < P o/PPO < .180. The mixing

_ _:ii
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duct static pressure distribution was used to insure that the ejector flow

was in the supersonic flow regime. The pressures: P 1 , Psi, P 0, Pr,

and the mixing duct static pressure distribution were recorded by photo-

graphing the manometer board. A precision pressure gage was used to mea-

sure the primary and exit plane stagnation pressures. The necessary VDI

nozzle data were also recorded to determine the mass flowrates. This

entire set of experiments was conducted for mixing ducts with length-to-

width ratios, L/W = 9.0, 13.0, and 16.374.

Static pressure measurements versus time were recorded to establish

approximately the intensity and scale of the turbulence within the mixing

duct. As a result of the unexpected nature of these preliminary transient

measurements, a series of experiments was conducted following the pro-

cedures planned for the periodic driver flow experiments. The static

pressures were recorded simultaneously at pressure taps on the primary flow

centerline and on the subsonic secondary flow wall along the length of the

mixing duct. These data sets were recorded at values of P. /Ppo = .070 and

.160 in the L/W = 13.0 mixing duct and at values of P /Po = .100 and .160

in the L/W = 9.0 mixing duct. The exit plane stagnation pressures were

also recorded. Static pressures within both the L/W = 13 and 9 mixing

ducts at P /PPO = .070, .100, .130, and .160 were examined on an oscillo-
p0

scope display which was triggered by the Biomation. The mixing duct flow

was examined at several duct locations for side to side symmetry. The

secondary stagnation pressure, P., was examined for steadiness.

Most of the experiments were conducted in the mixed regime near the

experimental break-off point with the supersonic regime. This was done

I
I
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because the ejector flow began to break-off from SR flow at values of

r,.3 /P. that were significantly lower than the theoretically predicted

values and because the sharp theoretical break-off between SR and MR flows

and the rapid decrease of MS1 in the mixed regime, as shown in Fig. 2.1-2,

experimentally were found to be a smoother transition followed by a more

gradual decline of M and w ., Thus, truly back pressure independent SR

flow mass flowrate ratios, which were obtained at the sacrifice of pressure

recovery, were not significantly greater than MR flow values obtained at

higher P nZ PSO MR flow near break-off was examined in order to obtain a

more complete picture of ejector performance.

Another set of experiments was conducted for values of P,0 /P0. = .070,

.100, .130, and .160 with L/W = 9.0 mixing duct to determine how the mass

flowrate ratio decreased as P,Z/P~0 was increased above the break-off

value. The exit plane static pressure, P... was digitally recorded and

then averaged to determine an effective value of P n /P.,,. In all other

respects the experimental procedure was the same as that used in the pre-

liminary runs discussed at the beginning of this section; however, the

number of experiments conducted was more extensive.

3.2.2 Periodic Flow Experimental Procedure

Periodic driver flow ejector experiments were conducted at

driver frequencies of 142 Hz and 250 Hz. More experiments were conducted

with the L/W = 9.0 mixing duct than the two longer ducts because it was

desired to determine whether or not ejector performance with a shorter

mixing duct could be improved by a periodic driver. The mixing duct with
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L/W = 16.374 duct was only investigated for the back pressure independent

mass flowrate ratios with the 142 Hz driver.

Preliminary experiments were conducted to correlate the stagnation

pressure upstreani of the oscillator inlet to the mean value, Pp., of the

stagnation pressure in the resonance chamber of the oscillator slightly

upstream of the ejector primary inlet. With this correlation, Ppo could

accurately be set by adjusting the steady oscillator inlet stagnation

pressure. This correlation was found to be constant within .5% over the

range of pressures of interest and repeatable within calibration accuracy.

P PO was approximately 90% of the oscillator inlet stagnation pressure at

both driver frequencies. It is through this correlation procedure that a

representative or effective value of Po/Ppo is obtained for comparison

of periodic and steady driver ejector flow results.

The use of an overbar to indicate the mean will be dropped with the

mean value being understood. Proper reference to time is made for

instantaneous values.

The procedures outlined for the steady flow experiments using the

electronic data sampling equipment were followed. This includes static

pressure measurements along the length of the ducts and mass flowrate

break-off experiments. These procedures were repeated completely with

the 142 Hz driver; for the 250 Hz driver flow, experiments were conducted

with only a mixing duct with L/W = 9.0.

Experiments were run at both driver frequencies measuring Ppo' PP1

and P.1 simultaneously over the range of Pso/Ppo. This was done so that

the ratios P1 /Pp and P 1/P0 could be observed with time. P could31 P1P OP
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also be compared with P POto determine how oscillator pressure pulses may

have been altered by passage through the C.-D nozzle at the primary flow

inlet.

3.3 EXPERIMENTAL RESULTS

Steady driver ejector flow performance parameters have been compared,

in the following discussion, with the one-dimensional theory and with

periodic driver ejector flow performance parameters. The comparison with

theory has been done to identify trends in ejector performance over the

range of flow conditions and mixing duct lengths and to test the theory.

The quasi-steady analysis cannot be expected to predict periodic driver

ejector flow conditions better than the one-dimensional analysis predicts

steady driver ejector flow conditions. The effects of a periodic driver

on ejector flows are judged by the comparisons made with steady driver

ejector flows and with the predictions of the quasi-steady analysis. 1

3.3.1 Steady Flow Experimental Results

The back pressure independent performance parameters of the

steady flow ejector were found to follow closely the trends predicted by

the one-dimensional analysis with the exception of the back pressure

ratio, P, /P.0, at the break-off point. In Fig. 3.3.1-1, it can be seen

that the experimental and theoretical values of PS1 /P P1agree reasonably

well. The value of M P1used in the theoretical analysis was determined

experimentally from P P1/P POand the isentropic relations (43]. The two

longer mixing ducts produced values of P1 /Pp which were consistently

below the theoretical curve; the shortest mixing duct produced values
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which were slightly above the theoretical curve. This suggests that M

j and wP should be smaller for the shorter duct. Figure 3.3.1-2 does indi-

cate that lower w values occurred with the shorter L/W = 9.0 duct over
sp

most of the range of Po/P0o. However, the mass flowrate characteristics

of the shortest mixing duct do not follow the theoretical curve as well

as the two longer ducts, the experimental results are below and above

the theoretical curve. It was also observed that the shorter duct had to

be operated at lower back pressure conditions before performance param-

eters began to level off as supersonic regime back pressure independence

was approached. The back pressure ratio, Pm /Pso, for each of the

experiments are indicated in Fig. 3.3.1-3. It did seem that lower values

of P, /P0 might have further improved the shortest duct mass flowrate

performance, however, this would have been at the sacrifice of the result-

ing ejector pressure recovery. This matter was not pursued because mixed

flow static-to-stagnation pressure ratios in the exit plane, P /P,

below the sonic flow value, .528, were obtained.

- -During the course of the steady flow experiments, the static pressure

profiles observed in all three mixing ducts changed dramatically with

the back pressure ratio, P./P,o. At back pressures lower than the SR

flow break-off value, the static pressure decreased smoothly on the sub-

sonic flow wall and along the primary flow centerline as both secondary

and primary flows accelerated after entering the mixing duct. The flow

would remain at these low pressure levels to within four duct widths of

the exit plane; a rapid pressure rise to the exit plane condition would

take place in the remainder of the duct. As P m/P'o was increased, theI
SI
Lu
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distance downstream in the duct that the flow would remain in a low pres-

sure, high velocity state decreased. The value of P . /P 0 at which the

initial pressure decrease and the corresponding acceleration was

immediately followed by the onset of the pressure recovery process was

approximately the break-off value of P /Po. A decrease in the mass flow-

rate ratio was always observed to occur as P, /Po was further increased

for a given value of P0 /PPO in the L/W = 13.0 and L/W = 16.374 mixing

ducts. Thus, break-off from SR to MR flow had occurred. As P. /Po was

further increased the shock structure in the supersonic core became

stronger, particularly at lower values of P, /Po. Although the primary

flow expanded and accelerated to low pressures as it did at lower values

of P /P , the secondary flow was accelerated less as indicated by the

smaller pressure drop along the wall downstream of the entrance of the

duct, Station 1. As P /P.0 was increased further, secondary flow wall

pressures in the acceleration section of the duct remained constant and

equal to P81 . At this value of P /P.0 , the mass flowrate ratio had

probably decreased by approximately 50% from the SR flow value.

The important features of the mixing duct static pressure profile are

demonstrated in Fig. 3.3.1-4. Pressure taps along the subsonic secondary

flow walls are referred to as being at the wall and pressure taps on the

primary flow centerline are referred to as being at the center in all of

the following discussions and in all figures. The wall and center tap

static pressures along the length of the L/W = 16.374 mixing duct are pre-

sented in Fig. 3.3.1-4 for two steady flows with, as near as possible, the

same value of P o/P 0. Although the difference between the two profiles

pO-
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is significant, the profile for the lower value of P /P30 was obtained by

increasing the value of PPO above that of the other profile from 71.22 psia

to 73.80 psia and adjusting Ps0 accordingly. With a periodic driver, the

reverse case was fourd, i.e., the value of Prz/P,0 is approximately con-

stant while PS o/Po changes; however, the effects on the mixing duct pres-

sure profile are still the same. At these pressure levels, the oscillator

pulses have a total amplitude of 12 to 15.25 psi. Using the theoretical

results as a guide, the effective changes in the break-off value of

P3 /P.0 should be larger than the difference between the two values shown

in Fig. 3.3.1-4 at the sime value of P.o/Ppo.

3.3.2 Periodic Flow Experimental Results

During the experiments with the steady and periodic driver

flows, three types of unsteady flow phenomena were observed in the mixing

duct flow. The largest disturbances found within the mixing duct appear

to be due to changes in and motion of the shock structure in the super-

sonic core. These shock waves and their location seemed quite unstable,

which may have been due to other unsteady disturbances. A low amplitude

oscillation of the static pressures within the duct with frequencies up to

approximately 1000 Hz was also observed. This oscillation was more

noticeable in the mixing duct with L/W = 9.0 than with L/W = 13.0. These

oscillations were present in the wall or secondary flow at Station 1 but

if observed, were not seen in the center flow until after X/W = 1.0.

Oscillation amplitudes usually increased in the acceleration section of

the mixing duct; however, low back pressure conditions were found to

I

I
I.
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inhibit this growth and to diminish the amplitudes at Station 1. The most

surprising phenomena found with either steady or periodic driver flows are

shown in Fig. 3.3.2-1. Large amplitude pulses, sometimes bursting into

periodic groups, were observed in most flows. These pulses originated in

the wall flow at approximately the end of the acceleration section of the

flow which is near the location of the first shocks embedded in the center

flow. The amplitude and frequency of occurrence of these bursts increased

as P.0 /PP0 decreased. In many cases these bursts appear to have been an

amplification of the smaller amplitude pulses mentioned above. Neither

the origin or amplification of these disturbances is well understood.

Changes in operating conditions which adversely increased the secondary

flow pressure gradient through the duct and increased the strength of

the shocks in the supersonic core are believed to stimulate these pulses.

It appears that corner flow separation and reattachments, shear layer

instabilities, and disturbances due to the unstable shock structure which

propagate into the subsonic wall flow are probable mechanisms for these

unsteady phenomena. Investigations of unsteady turbulent boundary layers

have found bursts in intensity levels do occur in some cases with periodic

freestream flows [44,45]. The turbulence at the edge of the boundary

layer can "violently" increase in level and burst into the freestream flow.

Oscillations in the shock structure of the supersonic core may be coupled

with larger scale turbulence to stimulate such bursts. Figure 3.3.2-2

shows one more feature of all pulses, that is side-to-side symmetry was

always found in all flows.
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I A set of static pressure profile data taken along the length of the

jmixing duct with L/W = 9.0 and with P.0 /P P0 = .100 for steady and both

periodic driver flows is included in Figs. 3.3.2-3 to 3.3.2-21 to present

a clear picture of what occurs within the mixing duct and how some of the

many variables affect the flow. All data was taken for steady, 142 Hz,

and 250 Hz driver flows with approximately equivalent input and back pres-

sure flow conditions. Figures 3.3.2-3 and 3.3.2-4 are the primary and

secondary static pressures at Station 1 versus time for both periodic

driver frequencies. The secondary flow pulses are somewhat irregular and

the periodicity appears to be much weaker at the lower frequency. These

irregular oscillations in the secondary flow were not as large in the mix-

ing duct with L/W = 13.0. The oscillations in the secondary flow have

grown by X/W = 0.333 and are prominent with both steady and periodic

driver flows; these data are shown in Figs. 3.3.2-5, 3.3.2-6, and 3.3.2-7.

Note that the center flow has not been affected by the irregular disturb-

ances observed in the subsonic wall flow. Also, note that the 250 Hz wall

flow pulses slightly precede those in flow at the center. This phase

shift can be seen in nearly all of the data taken in the first 1/3 of the

mixing duct; it was usually more noticeable with the 250 Hz driver flow.

Static pressures continue to drop as the flows interact and accelerate

until somewhere near X/W = 1.0. Shocks occur in the primary flow where it

stops expanding against the secondary and readjusts its flow direction.

Disturbances that occur in the wall flow also appear in the center flow at

j X/W = 1.0, see Figs. 3.3.2-8, 3.3.2-9, and 3.3.2-10. The periodicity of

the center flow seems to fade in and out. The pulses at X/W =1.0 in the



expanded 142 Hz driver ejector flow are larger and steeper than could be

produced solely by driver flow pulsations. Figure 3.3.2-11 is an example

of how much the driver pulses were diminished by the expansion of the

supersonic primary flow. The data in this figure were taken for a back

pressure independent SR flow experiment with P/O:f.070. The

P/P = .100 data under consideration has a back pressure sufficiently

high for the mass, flowrate ratio to have decreased about 9% from the back

pressure independent SR flow value. Shock waves, due to the relatively

high back pressure, are present in this MR flow and their unsteady behavior

in the periodic flow is believed to be the cause of the larger pulses in

the flow at XIW =1.0. As mentioned earlier, the strength and in most

cases the number of shocks in the flow increase when SR flow breaks-off

to MR flow due to an increase in P~ /P0 Note also that the unsteadinessIZ ,
of the shock waves in the steady driver ejector flow is comparable to the

periodic driver ejector flows. Shock waves are clearly present at the

X/W = 1.333 pressure tap location, as shown in Figs. 3.3.2-12, 3.3.2-13,

and 3.3.2-14. The smaller oscillations at the subsonic wall flow pressure

taps are similar in appearance to the large oscillations at the center

taps and are phase-shifted slightly ahead of the disturbances at the

center. The periodic driver moves the shock waves upstream and downstream

within the nixing duct; some of these shock waves may disappear or

coalesce and then reappear. The shock waves in the steady driver ejector

flow are quite unsteady; however, their unsteady action is intermittent

and not as vigorous as in the periodic driver flows. The shock wave

patterns are the dominant feature within the flow in the mixing duct until
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X/W = 6.0; however, at X/W = 4.0, the wall flow appears to be decoupled from

I the action in the primary flow at the center. These mixing duct flow

features are shown in Figs. 3.3.2-15, 3.3.2-16, and 3.3.2-17. The 250 Hz

driver flow again appears more pulsatile than the 142 Hz driver flow. The

static pressure levels at X/W = 4.0 have not increased significantly since

X/W = 1.333 and the flow does not appear to have mixed significantly

either. Shock waves are present in the flow downstream of X/W = 6.0 but

are not evident at X/W = 8.0. At X/W = 8.0, the center and wall flows have

become noticeably more broken and turbulent. The mixing duct flow is sig-

nificantly more uniform across the duct; the mixing duct flow at this loca-

tion is essentially the same for all three of the driver flows, see

Figs. 3.3.2-18, 3.3.2-19, and 3.3.2-20. The 142 Hz driver ejector flow is

weakly periodic at X/W = 8.0 while the 250 Hz driver ejector flow is

definitely periodic. The supersonic core flow seems to have finally disin-

tegrated in all three driver flows between X/W = 6.0 and X/W = 8.0, thus

initiating a rapid mixing and pressure recovery process. This rapid mixing,

which occurred immediately downstream of the disappearance of the supersonic

core, was also noticed in water table studies of supersonic-subsonic ejector

flow where dye was injected into the wall flow to indicate mixing rates.

At the exit plane, all three driver ejector flows are nearly identical.

Periodicity was still weakly present at the exit plane of the mixing duct

due to the muffler and back pressure valve flow resistance; this is shown

in Fig. 3.3.2-21. It should be noted that the mean static pressure

levels at most locations in the mixing duct are approximately the same for

all three driver flows. As shown in Figs. 3.3.2-22 and 3.3.2-23, the exit

4 ii
'I _ _ _
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plane stagnation pressures were nearly indistinguishable and periodicity

was not a strong 'eature. j
The only notable difference between the steady and periodic driver

ejector flows in the mixed regime flows discussed above was the increased

activity of the shock waves in the supersonic primary flow. Supersonic

regime flows operating at the same Po/Ppo as a mixed regime flow had

fewer and weaker shocks than the mixed regime flow. Thus,supersonic regime

flows were less susceptible to disturbances due to a periodic driver flow

than mixed regime flows.

The primary-to-secondary stagnation pressure ratio had a pronounced

effect on mixing duct flow features. Lower values of the stagnation pres-

sure ratio tended to have strong shock waves within the flow for all but

the low back pressure SR flows. The experimental data with P0 /PPO = .100

that was just discussed is typical.

The opposite case is true for higher values of P 0 /Ppo. For

P /Ppo = .160, the resultant P, /P is roughly .9. In this case the

primary flow does not expand as much after entering the mixing duct as it

did at the lower values of P.o/P PO; consequently, the resulting shock

waves in the supersonic core flow do not have as great an effect on the

flow. Static pressure measurements were taken in the L/W = 9.0 mixing duct

with P.0/PPO = .160 and a back pressure ratio sufficiently high to have

caused the mass flowrate ratio to decrease by approximately 8% from the

back pressure independent value. The largest disturbances within this

flow are shown in Figs. 3.3.2-24, 3.3.2-25, dnd 3.3.2--6. The pulses in

the periodic flow were probably due to a weak shock wave moving and/or
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|
changing in strength. This was the only location where disturbances of

any notable size were found. The static pressures at Station 1 for

P o/PP0 = .160 and the L/W = 9.0 mixing duct and for PS o/PPO = .070 and

the L/W = 13.0 mixing duct are shown in Figs. 3.3.2-27 and 3.3.2-28

respectively. From these figures, the secondary flow pulses are seen to

decrease appreciably with P o/Ppo.

Experimental values of P, /PP1 versus time were compared with values

determined from the theoretical quasi-steady analysis. Obtaining the

P0 /Pp0 versus time data as required for the theoretical analysis was not

as straightforward as was initially expected. Figures 3.3.2-29 and

3.3.2-30 are the simultaneously recorded primary stagnation and static

pressures for the 142 Hz and 250 Hz drivers, respectively. The stagnation

pressure probe was located immediately upstream of the primary C-D nozzle

inlet and the static tap was located at the center of the nozzle exit

plane, Station I. The separation distance between these two locations led

to the small phase shift seen in both figures. The 250 Hz driver flow

stagnation pressure profile was pressure invariant. The higher frequency

components in the 142 Hz driver flow profiles grew slightly in amplitude,

relative to that of the base frequency, as the mean pressure level

increased. Difficulties were encountered when examining the variation

of PP /P with time. The decision was made to phase-shift PP1 with

respect to P0 such that the relatively sharp valleys of each cycle were

in phase before determining P /P as a function of time. P /P was
p1  p 0  p1 p 0

found to be oscillatory and to be affected strongly by the higher frequency

components of PPO which were not present in P , this is shown in

!W
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Figs. 3.3.2-31 and 3.3.2-32. Note that for the 250 Hz driver flow, the

P /P curve was determined from a different set of data than was used inp1 p0

Fig. 3.3.2-30; both sets of data were in phase with one another and the

pressure difference between the two was not large. The same data was used

to determine both 142 Hz plots. The ratio, P p/Ppo' for the 250 Hz driver

flow was at a minimum when P was at a maximum but the 142 Hz data seemspO

to indicate just the opposite. The mean values of Pp /Ppo at both driver

frequencies was approximately constant at a value of Pp /PPO = .140 as com-

pared to the steady flow value of Ppl/Ppo = .136. The pulsed flow in the

resonance chamber of the oscillator adjusts, by wave action, to the area

change between the resonance chamber and C-D nozzle throat as well as the

choked flow condition at the nozzle throat [46]. This wave action adjust-

ment of the flow apparently has altered the wave form of the pressure

pulses between the stagnation probe and Station l as indicated in

Figs. 3.3.2-29 and 3.3.2-30. In order to obtain Po/PPO versus time for

the theoretical analysis, values of P were recorded and divided by the
p1

mean value of P 1/Ppo at the given pressure conditions to determine Pp0
versus time. Po was held constant and P1. Pp, and P were all simulta-

neously measured. The agreement between experimental and theoretical

results is reasonably good; these comparisons are in Fig. 3.3.2-33. The

experimental data with a mean value of P /Pp, = .504 was taken for a flow

in the mixed regime with the back pressure sufficiently high to have caused

an 8% decrease in the mass flowrate ratio from the supersonic regime value.

Thus, M and w /w are less than the break-off value while P /P is
sgee p l p l

greater. The data with a mean value of P /P = .656 was taken for a flow
1l p1
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in the supersonic reg-Ime while the data with a mean value of P, /P =.875

was taken for a flow in the mixed regime with a mass flowrate 3 to 4% less

than the break-off value. The value of the primary nozzle exit Mach number

used in the analysis was M P 1.957, the same value as was used in the

steady flow analysis.

The imposed back pressure had other effects on the performance of the

ejector than those previously described. Depending on the back pressure,

the ejector exit plane stagnation pressures were found to differ between

the wall and center probe locations by as much as a factor of two or by very

little. Lower back pressures and the shortest mixing duct produced the

most non-uniform flow at the ejector exit plane. The periodic driver flow

had little effect on the exit plane stagnation pressure uniformity. The

mean value of the center and wall stagnation pressures were more nearly

equal for some periodic flows that were near the break-off back pressure

ratio. However, results were inconsistent. The ratio, P0O/PP0 9 seemed to

have an effect and P,, /P0 itself produced a uniform exit plane flow if it

was sufficiently high.

As was mentioned earlier, SR ejector flows at low back pressures

remained in a low pressure high velocity state, free of shock waves of

noticeable strength, to within four duct widths of the exit plane. It was

observed that under these flow conditions the wall and center pressure

pulses were shifted completely out of phase downstream of the initial

acceleration section of the mixing duct; this is shown in Fig. 3.3.2-34.

An expansion of the supersonic primary flow, as indicated by a pressure

drop at the center pressure tap, caused a deceleration and pressure rise
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in the secondary flow at the wall pressure tap. Thus, it appears that

after choking the secondary flow accelerates to a supersonic flow if the

primary contracts slightly due to shock waves imbedded in the supersonic

core. Nelson [47] found that normal shock waves occurred in the wall flow

of a similar two-dimensional constant area supersonic-subsonic ejector.

The way that the mass flowrate ratio declines when an SR flow breaks-

off to MR flow due to an increase in Pms/P was found to differ for

steady, 142 Hz, and 250 Hz driver flows at most values of P.0 /PPO which

were examined. It was observed that the back pressure independent SR mass

flowrate ratios were approximately the same for all three driver flows but

that the MR flow mass flowrate ratios at a given back pressure ratio,

PM /P.0' were higher with the periodic drivers than with the steady driver.

Figures 3.3.2-35, 3.3.2-36, and 3.3.2-37 show these mass flowrate trends.

It appears that the periodic driver ejector flows break-off at higher

Pm3 /Po than the steady driver ejector flows. The maximum difference

between the values of P /P,0 at a given P 0 /P and the w /w occurs

between the steady and 250 Hz driver ejector flows at P.0 /PPO = .070; this

difference is less than 5%. The 142 Hz driver did not differ from the

steady driver by a significant amount in most cases and all three driver

ejector flows followed the same break-off trends at P, /PPO = .160.

- im i
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Figure 3.1-1 Flow schematic of the test rig
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40

if Figure 3.1-3 The partially assembled ejector unit (L/W = 9.0)
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Fiure ~.1-8 View of the secondary and primary lines connected
to the base assembly
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Figure 3.1-9 View of the test rig
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SCALE: 3X

Figure 3.1-10 Cross-sectional view of the Scanivalve "zero" volume line
adapter with a CEC type 4-312 pressure transducer in place
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1 4.0 CONCLUSIONS

The conclusions that can be drawn as a result of this experimental

and theoretical investigation of multiple ducted streams with a steady or

a periodic supersonic driver flow are:

1. The one-dimensional analysis predicts the back pressure

independent values of w./w and P I/PPI for

the steady driver ejector flow reasonably well over the

range of values of P o/Ppo and mixing duct lengths

investigated.

2. The values of the back pressure ratio, P,,/P,os at which

both steady and periodic driver ejector flows began to

break-off from back pressure independent SR flow to MR

flow were 25 to 35 percent lower than theoretically

predicted.

3. Periodic primary ejector flows were found to drive and

determine the secondary flow in such a way that the

quasi-steady assumption appears to be valid. Theoretical

and experimental values of P 1/Pp1 versus time were in

reasonably good agreement. Back pressure independent

values of the mass flowrate ratios for the periodic driver

ejector flows were in good agreement with the mean values

predicted by the quasi-steady analysis. The steady flow

values of the mass flowrate ratios at the corresponding

mean values of P0 /P were nearly the same as the

periodic driver flow values.

__-Ii
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4. MdSS flowrate ratios and pressure recovery capabilities

of the ejector were nearly the same for the L/W = 16.374

and L/W = 13.0 mixing ducts. The L/W = 9.0 mixing duct

flow broke-off from SR to MR flow at lower values of the

back pressure ratio than flow in the longer two mixing

ducts. Mass flowrate ratios were less in the shortest

mixing duct at given values of Po/PPO and P /P.0 than

in the two longer mixing ducts.

S. Periodic driver ejector flows subject to back pressures

high enough to have caused break-off from SR to MR flow

operated at higher P /P., up to 5 percent higher than

the steady flow ejector, at given values of P /Po and

w /w in the L/W = 9.0 mixing duct. Explained another

way, one might say that higher mass flowrate ratios were

obtained at given values of P.0 /PPO and P.O/P, 0 for

ejector flows that had passed the break-off point and

were in the mixed regime. However, this is not felt to

be the result of increased entrainment due to the

periodicity of the driver but rather due to a shift in

the position, towards the SR break-off point, that the

ejector operates at on the MR solution surface, see

Fig. 2.1-2, for a given value of Po/PPO. The agreement

between steady and periodic driver flow back pressure

independent mass flowrate ratios, the quasi-steady nature

of the periodic ejector flows at Station 1, and the

* 1 _ _ _

rI
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linearity of the theoretical values of w./w as a func-

tion of P0 /PPO see Fig. 3.3.1-2, suggests that the

entrainment of the secondary flow in the mixed regime

J near break-off with the supersonic regime is not sig-

nificantly affected by the periodicity of the driver

flow.

6. Static pressure measurements versus time did not indicate

that significant differences in the pressure recovery

process or flow characteristics within the mixing duct

existed between periodic and steady driver ejector flows.

Shock waves in the supersonic primary flow were greatly

disturbed by a periodic driver but the shock waves in

the steady driver ejector flow were also quite transient

and unstable. Mean values of static pressures at the

same location and under corresponding flow conditions

were approximately the same in periodic and steady driver

ejector flows.

7. Mixing rates between the primary and secondary flows

were not noticeably altered by a periodic driver. The

location of the point at which the static pressures

became nearly uniform across the mixing duct was approx-

imately the same for periodic and steady driver ejector

flows. Exit plane stagnation pressure uniformity was

5 slightly improved in only a few cases by a periodic

driver flow. It appears that rapid mixing did not take

I
!I
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place until the primary flow in the center of mixing

duct became subsonic. As indicated by the presence of

shock waves, the periodicity of the primary flow did

not change the average location of the disintegration

of the supersonic primary to subsonic flow. The

periodic driver had little effect on the character of

the flow in the high mixing rate region which lies

between the approximate location of the loss of the

supersonic primary flow and the exit plane of the mixing

duct.

8. The Strounal number of the periodic driver ejector flows

were low in comparison to those in the mixing studies

cited in Section 1.2. If based on the velocity of the

primary flow at Station 1, the hydraulic diameter of the

primary flow C-D nozzle, and the 250 Hz driver frequency,

the Strouhal number is St = .0064. The Strouhal number

for a subsonic secondary stream at Station 1 with the

theoretical flow velocity at Ps /P = .100 and with

= 250 Hz is St = .025. With the theoretical value of

111 for P0 /PPO = .100 and the mixing duct hydraulic

diameter, the Strouhal number at the exit plane is

St = .029 with w = 250 Hz. A fluid particle will pass

entirely through the mixing duct in only a fraction of a

driver cycle. The driver flow frequencies used in this

II
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investigation were too low to significantly effect the

dynamics of mixing between high speed compressible

streams in a snort mixing duct.

9. The large-scale fluidic oscillator was an efficient and

reliable method of producing periodic pulses. It is not

felt that frequencies higher than approximately 500 Hz

could be obtained with a fluidic oscillator configuration

similar to one used in this investigation without decreas-

ing the size of the oscillator to such an extent that the

mass flowrate through the device must be appreciably

decreased.

10. The transient disturbances in the steady driver ejector

U flows were comparable to disturbances produced by the

periodic driver in most cases; thus, the effects of a

periodic driver on ejector flow have not been clearly

delineated by the "steady" flow comparison. An axisym-

metric ejector configuration may prove to be more stable

than 2-D planar configuration examined and may therefore

provide a more meaningful comparison.

Aa
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I APPENDIX A

UCAE, Unsteady Constant Area Ejector program, was written to perform

the quasi-steady, one-dimensional analysis discussed in Section 2.0. The

program and a sample input and output are listed in this appendix.

Default values of UCAE assume air-to-air ejector flow with equiva-

lent primary and secondary stagnation temperatures. Variable definitions

are given at the beginning of the program. MPl, APIM3, PM3SOI, and MMAX

are not assigned default values and must be assigned values in the first

NAMELIST input to the program. An arbitrary sinusoidal curve,

PSOPOI(time), as described near the beginning of the program, is avail-

able for use as the source of the calculation parameter, PSOPOI. This is

the default form of the PSOPOI(time) parameter and is a rough approxima-

tion of the experimental periodic flow. The NAMEL'ST input to the program

must include CURVE = .FALSE. if PSOPOI(time) data is to be read from a

data file. Input file TAPE5 must include all input data, both the

NAMELIST variables and, if CURVE = .FALSE., the PSOPOI data.

The program output, to output file TAPE6, includes input conditions

and averages of ejector performance parameters. Output of performance

parameter values et each time increment is the default form of the output

and can be suppressed by including OUT = .FALSE. in the NAMELIST input.

The value of MSl at which the supersonic regime breaks-off with the

approximate regime, MCRIT, and the corresponding stagnation pressure

1 ratio, PCRIT, are written onto the output file TAPE6 for each data set

read into the program. PSIPI is written onto TAPE7 at each time incre-

I ment. This feature was used to obtain a theoretical PSlPl versus time

curve to compare with experimental results.I
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Time is normalized by the time increment between successive PSOPOI

data points.
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A.1 UNSTEADY CONSTANT AREA EJECTOR PROGRAM (UCAE)

UNSTEADY COISTANT AREA EJECTOR PROGRAM (UCAE)
MAIN PROGRAM

PROGRAM UCAE!(IPUT,OUTPUT,TAPE7,TAPE5=INPUT,TAPE6-OUTPUT) UCAOOl
UNSTEADY CONSTANT AREA EJECTOR INTEGRATION PROGRAM UCAOO2

C UCAO03
C THIS PROGRAM CALCULATES THE ONE-DIMENSIONAL THEOBECTTCAL "EAN VALUES UCA004
C Ow THE EJECTOR/DUCTED MULTIPLE STREAMS PFRFORMANC? PARAMETERS FOR THE UCAOO5
C GEOMETRIC AND FLOW BOUNDARY CONDITIONS INPUT. A PSOPO=PSOPO(TIME) UCA0O6
C CURVE IS TO 31 THE SOURCE OF THE CALCULATION PARAMETER, PSOPO. THE UCAO07
C CURVE IS SUBDIVIDED INTO STEPS OR SLUGS IN TIME AND THE ANALYSIS IS UCA008
T PERFOIMED O BACH STEP TO DETERMINE THE AVERAGE VALUES OF THE PER- UCAOO9
C TORMANCE PARAMETERS OF INTEREST. THE PSOPO(TISE) CURVE CAN BE INPUT UCA01O
C VIA DATA VILE OR AN ARBITRARY STNUSOIDAL CURVE IS AVAILABLE. TIME UCAO1l
C IS NORMALIZED BY THE SAMPLING TIE! INCREMENT. UCA012
C UCAo13
C IttttttttttItttttttttttttttlt UCA014

C VARIABLE DEFINITIONS AND THEIR DEFAULT VALUES: UCAO16
CSOME VARIABLE DEFINITIONS. UCA017C UCA018

C GS,GP .... THE RATIO OF SPECIFIC HEATS OF THE SECONDARY AND UCA019
C PRIMARY FLUIDS. UCA020
C MWSP ..... THE SECONDARY TO PRIMARY MOLECULAR NEIGHT RATIO. UCA021
C TSOPO .... THE SECONDARY TO PRIMARY STAGNATION TEMPERATURE RATIO. UC1022
C .Pl ...... THE PRIMARY FLOW MACH AT STATION 1. UCA023
C MS1 ...... THE SECONDARY FLOW EACH NUMBER AT STATION 1. UCA024
C 193. ..... THE MIXED FLOW MACH NUMBER AT STATION 3. UCA025
C IMAX ..... THE MAXIMUM EACH N1MBER THAT THE PRIMARY FLOW CAN ATTAIN UCAO26
C WITHIN THE MIXING SECTION AS A RESULT OF A ONE DIMENSIONAL UCA027
C ISENTROPIC EXPANSION. UCA028
C PM3OI... INPUT VALUE OF THE BACK PRESSURE CONDITION, RkTIO OF THE UCA029
C EIT.ED FLOW EIT PLANE STATIC TO SICONDARY STAGNATION UCAO30
C PRESSURE. UCAO31
C PMOSO .... THE RATIO OF 4IXED TO SECONDARY FLOW STAGNATION PRESSURES. UCA032
C PS1PI .... THE RATIO OF SECONDARY TO PRIMARY FLOW STATIC PRESSURES AT UCA033
C STATION 1. UCA034
C PSOPO .... THE SECONDARY TO PRIMARY STAGNATION PRESSURE RATIO. UCA035
C AP1M3.... THE RATIO OF THE PRIMARY TO TOTAL FLOW AREAS. UCAO36
C 'CAS .... A DATA SET COUNTER. UCA037
C UCA038

DEAULT VALUES OF THE INPUT VARIABLES. UCA039
C UCA040
C GS(1.A),GP(1.4),MSP(1.0),TSOPO(1.O),MPI(),PR3SOI(),NMAroAP113() UCA0I
C UCA042
C LOGICAL VARIABLES, THEIR FUNCTIONS AND DEFAULT VALUES. UCAOU3
C UCA044
C NEW ........ TRUE. IS REQUIRED EACH TIME THE DATA SET HAS A DIFrERENT UCA045
c MP1, AP143, GS, OR G? THAN THE PREVIOUS SET. TO AVOID UCA046
C CALCULATING MCRIT WHEN NO CHANGES OCCUR IN THESE VARIABLES, UCA047
C 4EV=.FALSE. SHOULD BE INPUT. .TRUE. IS THE DEFAULT VALUE. UCA08
C UCAO49
C OU ...... CAUSES OUTPUT FOR EACH TIME STEP WHEN .TRUE. IS THE INPUT. UCA05O
C .FALSE. SHOULD BE USED IF CYCLE AVERAGES AND CASE INPUT UCA051
C DATA ARE THE ONLY OUTPUT DESIRED. UCA052
C UCAO53
C CURVE.... IF AN ARBITRARY SINUSOIDAL PSOPO(T) CURVE IS TO BE USED, UCA054
C .TRUE. MUST BE THE INPUT. THIS IS THE DEAULT, FOR WHICH: UCA055
C UCAO56
C AMPv.100, THE AMPLITUDE. UCA057
C PAVG.100, THE lEAN PSOO. UCA058
C NCYC=10, THE NUMBER OF TIME STEPS PER CYCLE. UCA059j UCA060

-mI



126

UN-J.EADY CONSTANT AREA EJECTOR PROGRAM (UCAE)
MAIN PROGRAM

C ARE TUE DEFAULT VALUES. QCA061I
C IF A P3010(T) CURVE IS TO BE BRAD FRO5 A DJATA FILE, .FALS4. UCA062
C MUST 9E INPUT. UC A Oo

C OUTPUT DATA: UCA065
C OCA 066
C ALL DATA INPUT. CICLE SEAN VALUES Or HSI. 15111. S83, 15010. p3050. JCA067
C AND VSP. NOTE THAT OUT-.TU. WILL CAUSE THE ABOVE TO Bi. OUTPUT FUR UCA06d
C EACH TIME STEP 11 TRE PSOPO(TIMA) CYCLE AS WiLl. AS THE BREAK-OFF JCA069
C VALUES UP PM3SO, PHOSO, AND M83 IN 52, APPM, SSE FW.OS. AND 88 UCAJ70
C FLOW SOLUTIONS THAT MEET THE BACK 11t.SSURB CONDIITION. UCA071
C JCAU72

COC A 075
C SUCH OF THIS PROGRAM COMES DIRECTLY FROM CAE, CONSTANT AREA &JECTOR UCA076
C PkOGRAS. USED IN "AS INVESTIGATION OF GAS-DYMAA&IC FLOW PRBLANS IN UiCAO77
C CENCA. LASER SYSTEMS-, ADDY, A. U.. AND MIKIELSON, C D., 0CA078
C UNIVERSITY OP ILLNOIS 11108? UILU-ING-74-4009, 1974.. UCAJ79

C UCA081
C UC £081

C UCAOd4

&PCRIT UCA086
COMMON /BLOC K2/MISI 8113, PS1P It Pooso.Wsp1.p3S0 UCA087
COBsmO/BLOCL3/SMSI.SMOSOSlfl4.350P0.SPSIP1.SVsP UC&Qdg
LOGICAL CUIVZ.NXN.OUT UCA 089
ISLM51BRIMP5 USM.NMA UCA 090

NABELIS!/IUCAR/GSGP.EUSP.T5010,AP1M3,8P1,PI3SOI.OUT.NCASA UCA093
& .NN .511,CUR R.AN.PAVt~.CXCUC&A094

C ASSIGN DEFAULT VALUES. OCAJ95
DATA GS.G1.5S1.PTSOPOUTNEN.NCASN/201.4,2*1.,2*.TlUE.,l/ JCA096
DATA CURVE.ABP,PAVGNC!C/.TRUE..0.10,0.10.10/ UCAJ97

C SOTE THAT ECASE 15 NOT INCRBBENTBED BY THE PROGRAM. UCAO9d
c UCAJ99

1pOG.J=1.,.*(~1.0*(*N~e(~/(-1)hUCAI gof
105 IPIESS-0 UCA 101

C THE VARIABLE, 111355. IS THI TIME STEP COUNTE& IN THE PROGRIA. OCA 10.2
C INPUT FLOW AND GEOMETRIC CONDITIONS. UC A 1041

READJ (5, LUCAS) UCA14
17 (so0p(5) ) 999,1110 UC A 105

110 I1(.NIOT.NBU) GO TO 115 UCA 106
C PROGRAM SEEKS THE MAXIMUS 851 WITH WHICH THE FABRI CHOKING CONDITION UCAIO7
C CAN B1 SATISFIED. TH~IS IS A FUNCTION OF BPI,AP1N3, AND GP1. UCA108

CALL CRIT9 (MCRI? UCA 109
C THLE PSOPO CORRESPONDING TO iCI? IS: UCA 110

ICRITs 110(01.A11) /110 IGSOMCRIT) ac A I I
C THE INPUT IS NON OUTPUT UCA 112

115 NRITB(6,120)NCASE.4.S.GP,.8SPTSOPUAP1MJNP1,PE13SOI JCA11.3
120 F0AT(5(1)v101."IMYUT DATA FOR CASE NO.-,I3,//,10I."GSU.FP7.4, UCA114

c; 7. 4. 51,"M? 123.17. 4//. IU1"P1BJSOI-0, P. 4,//) UCAIII
11(NEW) WRITE(6,125) 8CRITPCB1T UCA1217

125 FOlBUAT(//,I0XvwFOR THIS CASS, NCRIT.n,F7.4.51."PCRITNFT.4//I iCklis
C UCAI 19
C UCA 1g0
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UNSTEADY CONSTANT AREA EJECTOR PROGRAM (UCAE)
MAIN PROGRAM

I130 CALL PIATTO (AM P, P&VG, NCTC, PSCPOI I PRSS, CURVE) OCA121
IF(TPa!5SS.FQ.,lICYC. ANO. .NOT.CJBE) GO TO 145S UCA122
YF(.tdOT.CURVE.OR.IPRESS.GT.1) GO TO 140 7CA 123
WRIT?(6,135) AMP,PAVG,NCYC UCA124

135 FORMAT(/,10!,"!OR THlE SINUSOIDAL PRESSURE RATIO CURVE:"./,IOze OCA125
6
9
OANP-1f,w7.3, 101, NAVG-0,F7.4,10r,"NCTCn,5,l TIM? SLUGS/CYCLE") OCA126

14') CALL CALCAE(PSOPOI,PN3SOI,OiT,IPS!SS,NCTCNERRO,CJRTR,MCRIT) UCA127
l'(N1!RROR.GT.3) GO TO 105 UCA128
LP(IPRESS.LT.RCYC) GO TO 130 UCA 129

145S WPITEc6, 150) NCYC ICA130
151 ?0R9AT(//,10X,-THE TOTAL NUMBER OF TIME SLOGS READ VAS"gI5v////) UCA131

GO TO 105 OCA132
Q99 CONItNIF ICA133

!40 UC&13l

mom

_7-77
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IL UNSTEADY CONSTANT AREA EJECTOR PROGRAM (UCAE)
SUBROUTINE CALCAE

C *..*..**** **s***S****S************* CAL001

c CAL002
c CAL003

C CAL004L

59BROU-INE 'ILCA.E (PSOPOT. PH3SOI ,O0T,IPRESS,qCY-, ERROR ,CURVK, CILOOS
fmc~rT)CAL006

C -ITS 3r19RO0"INE DETERMlINES THE 'LOV REGIME, CALLS THE PROPER SUB- CAL007

: O"rx'YS TO ')ETZR4IMEE THF FLOW CONDITIONS AT STATIONS 1 & 3, AND CAL008

C CONTROLs rTTRATION PROCEDURES. CAL009
C CAL01O

C CALO 11

C0X4ON/3LOCK1/GP.GS.MIPi ,MVSPTSOPO,APLI3,1!liN,MMAX.13U, CAL012

&PC,4iT CAL0 13

CO0VlOh/BLOCK2/MSI,1,43, PSIP1, PHOSO,SP.P53SO CAL014

LOGICAL NEW,CtJRV-,OUT CAL0 16
CAL01 7

C JI-5QPT (:)O) /?A-iN(G,1I) CAL018

C T!IV P/PO ?11lCTI0N. CAL020

"4F 114VERS? OF' THE P/PO ?UVCTIOR CAL022

PM(G,PR)=SQRT((PR**((1.O-r)/G)-l.
9

) *2.0/(G-1.0) ) CAL023
PC P rOR !~ N0 ORIAL SHOCK WIVE. CIL024

-((G1.0)(G+10))CAL025
CAL 02 6

C CAL027

DA7A E'R! S1,ERBOR1Y,4lCAX/2*1.0!-4,35/ CAL028

DAT! SR?/"S?"/,SSR/"SSR"9/, "R/"*.!l"/,APPR/"APPR"/ CAL029
nsi I.1 s THlE LOWEST SECONDARY 4ACH NUMBER coNSIDERED IN A SEARCH FOR CAL030

A SOLITION. CAL03 1
NPRtROR=l s NCOUNT1l S DMSB.110 S MS1S..O01 CAL032

-H! 41TIMVJM PSiPi 1.LLOWED ?OR CALCULATIONS TO PROCFDE, PS1PlU, CAL033

C S3 BAIED ON A NORMAL SHOCK STANDING IN THE EXIT PLANE OF THE CAL034I
C PRIM1ARY 4OZZLE. CAL035

PSlP1Dy*"q'(GP,"*Pl) CAL036

AS1P1=i1.1/APlMl)-1.1 CAL037

Cr15=SORT (NWSP/TSOPO) *AS1Pl/WN (GP, NP1) CAL038

C I- THT RESGIN IS SSR PSIPI>= 1.1 AND 1151= 1.0 CAL039

C CAL040

RFG'WE=SSR CAL0'41
~1S 1=1*"CALO'42

P2zlPl='PP0(SS,1.0))PSOPO/PPO(GP,1Pl) CAL0E43

E.!'1?1.LT.1..AND.PSOPOI.LT.PCRIT) GO TO 21 CAL044

I~(PPwG 1.) O ~ 50 CAL04&5

C '!'IE 73RESSrRE RATIn LIES BETVFEN SR AND SSR REGIMES. PSiPi 1.0 CALOL46

C I; A lOOD kPROXIMATION CALO'47

RF14EPDR CALOI48
~S1P11. ICAL049

PS1sO=1.l*PPO(GP,11Pl)/PSOPOI CAL050

11S1=PM (GS,?S1SO)) CAL051

'10 "'0 50 CXL052

: :4 SR !!51 ' 'JST BE WINDOWED STC9 THAT '1510 < = 11 < MCRIT CALO53
21 9EIT11E=SR I NI"=1 S '1TPE=1 CAL054

~SI1SSIB CAL055

10 CALL -Al3RI(' 31,PSl21,ERRORl CAL056
:(~O.T.)GO To q96 CLL057

PSIPII=P5O'OT*PPO(GS,MSI)/PPO(GP,1PI) CAL058
I~ (v Q ).~D.g'ii.r. ~~i) Go TO 909 CAL059

Y= (PS1'1-i'S1?11/?S1PlI CALO60
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3 UNSTEADY CONSTANT AREA EJECTOR PROGRAM (UCAE)

SUBROUTINE CALCAE

IF I(ABS(Y).GT.u111ORY).AND. (PSI PI. LX.PS I PI).AND. CAL061
SASzS(MS1-5CRIT)/ACRIT.LT..0005)) GO TO '40 CAL062

IF (jf5S 1DBS 13) .GT.SCRIT) DSS 18u(SCUIT-iS1) /2.O CAL063
CALl.LTZLS.51,R11......aOrETmy CA1064

bZNE, !N~eIOS.!OS.MIGI.MSIN2)CAL065
IF(NIIEAI.LT.NIT.AND.MTIPk5.ML3) GO TO 40O CAL066
GO TO (30.30,50),NTYPE CAL067

C IF NO SOLUTIUM HAS bilLY FOUND SR HILL BE SEARCHED. CAL068
'40 IP(OUT) hiITh(6.9O8) SSI?S1&P1.PSlP1I CAIL069

Go TO 60 CALu7O
50 CALL OCY(NARiOR) CAi.U71

IF(flBBAOR.NE.O) GO TO 902 CALtJ72
C IF THE YALU& OF P53S0 RETURNAD BY OCY 1S < P5.3S01 THE CAL073
C SECOND"M S ASS PLONRATS IS DEPENDINT ON P53SOI AND TH9 REGINE CAL07'6
C 5(1ST BE 82. CAL075

DLLTPBJSO-PS3SOI CkL076
IF (BEGINBS. 2 IAND.5350.T.P3S1) GO TO 70 CIA.077
11 (Ad5(DRL T/PE3SOI) .LT. LR ES .AND.REGINE.t.Q. SR.AND. CAL 078

SOELT.Li.10.0)) GO TO 70 CAL079
C THE BACK PISSUDE IS TOO HIGH FOB TUL SECONDARY TO 82 CHOELD. CALJ80J
C dSi IS LESS THAN THS BREAK-OFF VALUE AND THE REGISE IS SR. A CAL.OdI
C VALUE OF AS PRODUCING A 2AJSO-Pd3SO. IS OCY IS SOUGHT. CALU84'

60 IF(BE8GIAA.NS_R)d51-.500 CALO 83
REI1SESR CALO84
IF( 0 OUT. GT. 25.01. S1.LT. 55 1.OR.ISI.GT.. 999) GO TO 9014 CAL 085I CALL IIESI gESl.P53SO.PS.3501.NCOONTSSILO,dS1UX) CAL086
PSIPI=PSOPOI*PPO (GS.IS1)/PPO (GP.5IP1) CAL087
GO TO 50 CAJdd8

70 IF(PSIP1UI.LT.PSIPI) GO TO 900 CAL089
NSP-CONST*PS1P1*Vff(GS. BS1) CAL090
IF(.MOT.OUT) GO TO 100 CALJ91
IF(LPIISS. EQ. 1) WRITI(6,80) CAL092

80 FORZAT(//,10Xv-T1I& SLUJG DATAm./.3X.uSLUII.21.NRZGISIE.14X. CAL093
&"PSPO'61."SPZe'S1,5v"P1P151."53"51.C.AL094

& ."PBOSO-.7X."PE3SO"./1 CAL095
wir (6,90)IPR SSRLGISE.PSOROIUSP,5151,PSIP1,NS3 CAL096

&,* PAUSO, 153 SO CAL097
90 FOREAT(/2X.114.5114,JX,16.4.14Xo6.14,3(3X,F6.14), CAL098

&31.F7. 4.3X.28.14) CAL099
W1121(7,95) PSIPI CALIOO

95 FORSAT(IOF1O.S) CALIOl
100 CALL SUNUP (IPRBSSNcKC.psopoI.CURVB) CAL102

RETURN CALIOJ
C ERROR'* 3113 ESSAGES ******CAL 1014

900 WRITR16w901) IPUESSPSIP1.PSIPIU.SIl -I CALIiJ5
901 FORAT(/.N* ",,ERO IN * ** ** ** CAL106

s/ws* S* p SSS*S*/,5X."TISR SLOG SO.*.114,5X.* CALIO7
&PS1P1-".F8. 4,SX.PSIPIU-. FS.14,51,*ES1-*,F.4) CAL108

NBRRORsl 6 RETURN CAL 109
902 WNITE (6'v903) SS1.PSIPI CAL1 10
903 FORNAT(//.u* * * 0 * $ 0 * 0 * 0 * ",/,"32202 IN 0CV",/, CALlII

60 * 0 0 * 0 * 0 *N./,1IXN~ uS1U 84101 .NPS1P1.U PH 14) CAL112
RETURN CAL1 13

9014 haITE(6.905) SSIPS350.PS3SOZ CALl114
905 FORdAT (//.** S $ 0 * 4 * * 0 * * * *",/,ERROR IN CALCAM,/,- CAL115

& 0 a, S**/,wNOMCONVUGENCE OF HSI PU1 THE INPUT Pfi3SOv" CAL116

NERIOmal S RETURN CALM1
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UNSTEADY CONSTANT AREA EJECTOR PROGRAM (UCAE)
SUBROUTINE CALCAE

; o 6 ,wP! '(6, O
" )

C.L118

o'7 -1? 1(/,, ",/,"ERRO? rui !ABRI",/," - * • CAL119
£ * * " " * *"1 CAL120
.7'POR=1 5 RPT-RMN CALl21

93 ' (//,1 x,"SO LIT 2 ) ('N T rCU,,r !N. S. '?Y "!?!9 gW.Tll 1712P",/, C.',L122

q ,9 21T
" 

(6 913)CAL124I

QI T"p(/I ,"gSOPOI 'S SO LOW TH3.T IS1<. 31 X S?.) CAL125
R"R CAL126

CAL127

'I

:, I
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.V UNSTEADY CONSTANT AREA EJECTOR PROGRAM (UCAE)
SUBROUTINE FABRI

IC
c. '13002
C TABOO3

SUSRO9OINE PABRI (KS1, PSip,NEBROR) FAB3004
C F15005
C CONSTANT-AREA EJECTOR, rASRI CRITERION (FASEL) SUBROUTINE. F13006
c. P13007
C 1-0 EJECTOR ANALYSIS WITH SUPERSONIC PEIMBY (1121>1) AND PASOOS
C FIBSONIC 'IECOWDARY ("Sl(1) WHICH CHOKES IN THE EJECTOR FX8OO9
C SHROUD~ (IS2s1) . THIS EJECTOR ANALYSIS IS BASED Mol01
C ON THE CONS-ANT-AREA SHROUD EJECTOR ANALYSIS OP FASR:. PABOll
Z RPEE!?NCE: nACA TM 1410. ?AB012
C 'ADO 13

O?10'/lLrCK1/GP,GS,NP1.EUSP,TSOPO,AP113,11IN,NE3.NHAX, 'A8014
SPCR17 ?%B01S

REAL F!,NP1 S1 1SNI,1XP2'016
LOGICAL 4EV PABO 17

C P180l8
C /P0UbN1q FUNCTION. 715B019

PPO(,~f=(1..5*G-1) '(*N) **(-G/G-1)) AS020
C '/.%(s~m) ?'U!lCTIOq. P1B021

& 0i.S5(G+l.)/(G-1.))) F&D023
C '13024
C 

T
ABRINS CRI'ERION APPLIES ONLY WHEN (115.LE(1.O?) AND ?AB025

C (PSl1.LE.(1.0)). P1B026
C CA~LC'7LATE THE &REA RATIO ?OR STREAM (P) AT STATION (2). FAB027

AP2PS=(AASN'(GP,NP1)/APIM3)S(1.-(l.-APlH3)/ASl(GSBS1)) PA8028
C ALC'LA- 1122 4' STATTO' (2) 99ERE 1S2=1.O. P19029

CALL ASTAR(GP.22,52AINHII FAS030
C CALCILA-E F-A-IC PRESSURE RATIO PSiPi BASED ON FAB031
C FABRI'S CITERION. ?A:032

VD=(1.I-AkPl83)*((1.0+GS*(ISI1R2))- F13033

si (PPO(G.S.1.0)/PPO(GS,NS1))*((1.O+GS)/AASM(GS,NS))) ?AB034
VN=(PPO (GP,1122)/PPO(GP,MP1)) SAP1I3*(AASN (GP,11P2)/ FAB035

PSIP1=VN/VO PAB037
IWI(PS1Pl.GT.I.O.ANfD..NOT.IEW) Wa:ITE(6,80) '15038
I'(PS1PI.LE. (0.0)) V1RITE(6,61) 'PABO 39
E'(1122.LT.9.P1) WRT78(6,40) PASO0iO
I'(S21.LE...OR.P2.LT.NP1) GO TO 90 lpASOQI

8 '(S11..1OAN..OTNE)GO -00g ti , 942
RETIPI' 'AB0143

C ERROR 1?SSAGES. PA5O044
'40 -OR4AT(/,5X,"... ERROR IN !PABRl: (1P2.L.8P).",//) P30*45

6n -OR.4AT(/,5'C,"...EROR IN FABRI: (PSlPl.LT. (O.O)).",//) FABO'46
8A :?OR1AT(/,5X."...ERROR IN 'OABqI: PSlPl> 1.0",//) ?ABO 47

C SET TBROR vLAG. FABO48
90 REPROR=2 P130*49

REUIRN ?19050

VID P1B051
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UNSTEADY CONSTANT AREA EJECTOR PROGRAM (UCAE)
SUBROUTINE OCV

C s*..**.*...*******OCT00 I
0C1002

c OCVT303
SUNNR)(JINE OCV(NERBOR) OCYO004

OCT00 S

C CONSTANT ARI!A EJECTOR OVERALL CONTROL VOLUME ANALYSIS (OCT) . 0CY006
C 1-D A'1'LYSIS VROR IlLET STTON, 1, TO EXIT STITION, 3. OCV007

C OCTOOs
.OM.%ION/ULO-Kl /GP,GS, up1 , VSP,TSOPo,APl13,luIN,NEU, MMII. OCV009

FPCRIT OCT0lO
COMMON/BLOCK2/MS1,M13. PS1P1,PMOSO,USPPI13S0 OCT0ll
REX. '1,-!1,Ms,IM13,MM13M,M13PMIN,MWSP,MUMoP,MSQD3NNSQOD3P OCV012

&,MlVA,ZP OCT013
LOI't Nt!V OCT01 4

VMCG,f)-s*SQRT(G*(1.040.5(G-1.0)*(MPM))) OCTO15

C A ?ORA Ov T'RP 1-D THRUST ?UNCTION. OCVO 17

C RD?t! I R LOCALLY. OcTO 19

.ME ' *IIR" OCV020
C CALCULA"E CONSTANTS. OCV021

Cl=SQ!T r4usP/TSnP0) OCV022

C 'J!CTOR AASS-rLOW RATIO OCV023

CPP(GZ/GP')*((GP-1.)/(GS-1.)l/lNSP OCV025
C MIXED 'LO7i PROPERTIES OCV026

A IiIP- (1 . .EsD) / (1.+ (WSP/AVSP) ) CV027

: ALCTILATE TH? MITED-TO-PRIMARY STAGNATION TEMPERATURE RATIO. OCV029
?M.OPO=f1.+VSP*CPSP*TSOPO)/(1.*WSP*CPSPI OCY030

: -L:'JLATE SOME CONSTAN1TS. OCT03 1
CWS2R- ( (TS0PO/MNSP) * (GP/GS) OV3

2=SQR- (IMOPO/uMlP* (GP/GI) O CV033

C SOLV ING OOR Mn3. OCV034
-A3=((GP,IP 1) +C 1*gSP*T(G4ilS 1))/(1. +SP) *C2) OCV035
T.SIIM=S'RT (2.* (G +1 .) ) OCVO036
IT3.LT.?M3lINl GO To 20 OCV037
3,(T"3**2-2.*GM) OCV038

C4=(((GM-1.)*.5)*CTM3*e2)-GS*GM) OCV039
15-c0RT(C3.'3+4. 'C) OCV04 0

3SjD3M=(-C3-C5) / (Z.C4) OCV041
.MSjDlP= (-C3+C5) /(2. 0C4) OCV0'42

CD!TERnI'IE TWO POSSIBLE MI!ED-?LOW MACH NO. SOLUTIONS. OCV043
r

7
('lOD3M.GE. (0.0)) '1M-SQRT(MSQD3?N) OCV044

l'(SOD3P.GF. (0.0)) l13P-SQRT(MSQD3P) OCV045
C 'TS! OILY S13SONIC RESULT AT (3) . OCV046

Ml 3 =33P OCV047?
C CALCILATE STATIC PRESSURE RATIO, PK.3P1, AT (3). OCV048

C6zS0R'7("lOPO/NMflP) OCV049
P4 3 P 1 -f6*A P113* (1. + S P) -(W (G P, MP 1) /W9(G M, MM3) OCV050

C CALCULATI! OTHTE STATIC AND STAGNATION PRESSURE RA-IOS. OCT05i

?PM3Sn=(PflO(GS,MSI))'PM3Pl/PSlPl OCV052

PMOSO=PM3SO/PPO (GM,MM31 0CV053
R?-lRN OCV054

C ?RQOR MESSAGES. OCV055
,0 iiRI-T (6,101 OCV056

3 m0 ~R AIT (/,57,. ESR FOR TI ()CV: N C SOLUT 1OM. A/ OCV057

4E'lPOR= i OCTOS8
~'TUP~7 CV059
291)OCTO 60

14
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UNSTEADY CONSTANT AREA EJECTOR PROGRAM (UCAE)

SUBROUTINE PRATIO

C PBAOO1

C PRA 003
SUBROUTINE PRLATIO IAIP.PAVGXcC.CPSOPO1I.IPBSS,CURVZ) RAOO04

C THIS SUBROUTINE INITIALIZERS THE INPUT STAGNATION PRESSURE RATIO, PRAOO5
C PSOP0I, FOR JSACH TINS SLUG. PRA4I06
C PRAQ07

COaEOD,'BLOCK2/ES1.EE.3,PS1P1,PI[OSOUSP.P53SO ?RA008
C0oom /BLOC K3/SNS 1, so 5 S1.1., SPSORO.S? SIP 1,SVSP ARA009
LOGICAL CURVE: PRA010
P1-3. 141593 IRAQ 11
LP(CURVE) GO TO 80 PRA0 12
RAAD(5,50) PSOPaI FRA0 13
IF (SOF (5)) 70,60 PR AJ 14

50 FORIA T (F10. 4) PRA015
60 LPUzSS=IPABSS.1 PRA016

vC!C-IPRSS1~ 12A017

PRESS-PLOAT(IPBZSS) PA2
CTC-PLOAT (VCYC) PRAQZ24
PsoOI=LPAvGSL1.0.ANIP*SINC2.0*lI*PuEss/CrC)) PRAO4S5

RETURN 8A026
END Pgk%)27

4V
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UNSTEADY CONSTANT AREA EJECTOR PROGRAM (UCAE)

SUBROUTINE CRITM

-...... * CR9001
CR002
CR91003

ST1BROUTINE CRITZH MCsRIT cRHOOL

-HI1S SrJ!POU-INE IS USE!D 70 'IvD THE SECONDARY 9ACK9NME8R, MSI, C110

C XT qIHICRf PSiPi 1.0 IS ENCOUNTERED IN THE SR SOLUTION. CR006

c 
CR9007

-ojlBOX/PGPWPSPP8,flEgr CR9008
FCRITCR9009

0M~ 4?1 ,3CRIT,lgSP,MII,MMfA!,M CR8010

LOGICAL NEW CR11011

!-. 001 CRM012

Dli-.11lO C29013

Do 10 1=1,300 CR9015
mmrv~mplCRK016

:'LL ? 9PT(91,pSlPl,lERROR) CR91017

I?(P51Pl.GT.1.0) GO TO 9 CR9018

OLDil'- CRA020

Go -0 10 CR9021

9 !-(TYP!.?Q.2) GO T0 11 CR9022

os. 10005 CRI023

I -'I D '4CRN025

11 M.I+DM CR026

IV (1cRI.GE. (1. )) MM1N9MPI CR90)28
CRF029

V CR8030
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UNSTEADY CONSTANT AREA EJECTOR PROGRAM (UCAE)
SUBROUTINE ASTAR

..... AST001

c AST002
XST003

3 1!3R0!VrIN! ASA R G. A A IO, P2. N KIMIRA X) AST004

C -HIS SUIOUOOZE SOLVES TOR 1P2 GIVEN AP2/.P* ?RO4 FABEI. ASTOO5

RSAL RP2,NHI,NfIN.N.NLO,4NAX AST0O6

C -HE A/A' 03C-ION AST007

6** ((G+ 1.01 /(2.O0 (G-l. 0))) AST009
NAKIE SURS TIAT IN!' IS BIG E'IOLGH ?F THE DATA SET INPUT. AST0lO

IHI-m~r STO 11
AST012

!IT 1 AST013
11) 5.t=AASM(G..4HI) AsT0 14

tkL')=fASI (G, 4LO) AST015
fP2=LO+ (ARA 10-P.LGO*(MRI-MLO) /(AHI-ALO) AST016
-~(',TT.GT.30) REVIBN AST017

DI?v-ARATIO-AASB (G.:lP2j AST0 18

1? (95-(DIv) .k~~lnLE.),1-11 REURNAST019
I?(DIF?.GT.3.O)GO TO 20 AST020
.9Ht=IP2 .5.STO21

SO~ TO 30 AST1122
?I MLO=M.P2 A STO23

30 !IT'#IT~l AST024I

GO TO l AST025

~ t I41) A ST02 6
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UNSTEADY CONSTANT AREA EJECTOR PROGRAM (UCAE)
SUBROUTINE ITER

c IT8302
C ITE003

SUB&OUTINA ITBB(1.DX.E33031,SIGN,.X4GIVZE.388o1,Mi,MTYPB. 1130O04

C SUBUOUTI4.I PA110815 AN ITERATION TO FIND X SUCH THAT THE LT3006
C ABSOLU1z VALUE 0F (I-IGITES) IS -LA. TO A830k! 09 181. 1TaO07
C ABSOLUTI VALUE OF (X(I.1)-X(I)) IS -LE. TO ZR3011. 11TH4OB
C VARIAUi.ES: ITRO09
C x - INDEPENDENT VARIABLE IT30 10
C J1 =INC24ALUT IN INDEPENDENT VARIABLA 113011
C 338081 - 11.11503 VALUE OF ABS(I(I+1)-X(I)) FOR SOLN 113012
C SIGN - 1.0 OR -1.0, */- INC81EMENTING 1305 INIZIAL I 11R33
C 7 - DEFENDANT VARIABLE 11T0114
C A33081 . SAXIBS TALON Of ABS (r-!GIVMN) 113015
C IGIVkN - GIVEN VALUB OF DEP4M9DENT VARIABLE IT3016
C S1T - INCBESNT RUSBERR M07
C #TIPS - -- IXCRAAXXT, 2--IMTN8PLATILON. 3--SOLIXON 113018
C IT8019

DI=Y-YGI TEN 113020
IFttABSLDY)-l33031).LE.0.O) GO TO 90 113 021
IIDL4IT.0.0) GO TO 20 IT3022

S SIG52-- 113023
XliG=X 1T8024
INAG~AT 1T3025
GO TO 40 1T3026

20 USIGN2=.1 IT80.27
1205-1 IT3028
110Sy 113029

40 LF(NTYPIL.99.2) GO T0 80 ITR30
SU Lit(IT-1).L6.0) GO TO 60 1T3031

NSIGV=351GM 1* SIG92 IT3042
Il(NSIGN.LZ.0) GO TO dO 113033

60 NiSIGW3-NSIGN2 113334

C ISCA93ENT TO FIND SOLUTION INTERVAL ITR036
£=I+SILG3*DI Z28037
GO TO 100 ITRO38

C INTERPOLATION F03 SOLUTION 1T3339
80 NTYPS02 IT2040

BIT-NIT*1 118041
XSAVE'I ITR042
RAT1s.w 4POS-XNZGj /(IPOS-INEG) 1T3343
XIVANE#R~ATUO* (TGIWEN-YW3G) IT044
I?(ABS (1-ISAVa) -RO 9303 0,O90, 100 113045

90 NI!Pb- 3 113046
100 RETURN 1T3047

&ND IT3048
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UNSTEADY CONSTANT AREA EJECTOR PROGRAM (UCAE)
SUBROUTINE ITMSI

IC

C IIIS002
C I21S 303

SUBBOUTlNS 11551 (NS1,PS3S0.P13S0IICOUNT5SILOSSM.L) ISS004a
C lB 5305
C ZHIS SUBROUTINE SEARCHES FOR AN HSI BESTING THE EXIT PLANS i£55006
C PRESSURE CONDITION 19 CONJUNCTIUN WITH OCV. R44ASE-OR. 155007
C llS 30

88Al. BS1,AS1LO,BS1E1 I 1S 09
IP(NC0UNT.,;T.1) GO TO 20 IlsJol
asl=.500 illso 11
HS1LO-0. 0 ISO 12
Its IHlh 1.00 I21SO13
VC0UVTu2 INS0l:

1BZE INS015
C vNc:lA~ulNvG HSI DSCBEASRS Px3SO s:I SO 50 16

20 I1(P3SSO.GT.PA3S01) GO TO 403 13SO17

GO TO 60 IAS3V39
'40 ;;;EO- SIL )2 1;;;;

60HI- HI +5LO/.0IS2

NCOUVT-VCQUVT4 I02



138

UNSTEADY CONSTANT AREA EJECTOR PROGRAM (UCAE)
SUBROUTINE SUMUP

C SUB8003
SUBROUTI sunaU 1zkizss. mcYC. PSOPOI. CURVE) SUM004

C THIS SUBROUTlINE CALCULATES THX M&AN VALULS Of dSl. PSIP1, WSP, S08005
C PN050. PSOFO, AND 583. IF A DATA FILE IS TO BE SEAD IT SUOULD 5118006
C CONTAIN AN INTEGAR NMBaER OF PEaSSURE CYCLES. 5118007
C 50oodd

C08501/BGCB2/NSS1.553.PS1P1.PaSo.NSPP8350 £115009
CO8808/BLOCL3/SBS1.SP8OSO~s88l3.ssOPO,sps1? ,SW5P SUED 10
REAL 1551.883 suffolI
LOGICAL CURVE 5115012
IP(IPkASS.GT.1) GO T0 10 SUMO13
SNSI-0. 30801'4
SPIOSO-O.U 0i 4J0 15
Sai8l=0.0 JU8O 26
sPsoPo-0.0 o UPS017
SPSMP-0.0 sudoid
siisi-0.0 oa

10 IFINCXC.EQ..LPRES&.AD..M0T.C1aVE) GO TO 20 5118020
SaSi-851+58S1 s0,
533. 8a3#583 SUN 02
SSOPOPSOpOL+SpSupO SUB 023

SpNoSO-PmOSO+SpmOSO SUEUJS
SSP- NSP*SbSP 51U8026
IF (PR1SS.NZ.NCTC) RETURN 508027

20 TOT=PLOAT~bCYC) SuEolts
SMS1-SBS1/TOT 5118029
SBMB.3S883/TOT £118030
SPSOPO-SPSOPO/TOT 5118041
SPS101-SPS1PI/!OT 5118032
SPfOSO=SPHOSO/TOT 5958033
SOSPoS 85/TOT SUSO34
WAITA(6,301 s8S1.583.SPSOPO.SPSIP1.5P80S0,SHSP S118035

30 FOREAT(///,IOX,-THE AZAN VALUES OVER A PRESSURE CYCLE ARE-,//, 518U36
&1O1"8S-".10.Q10E*aa3=~,9.'11I~ps00~"V7.,/,,Ox.SU1037

e25P~SIP8.Y.4I0."PBgSO-O.P8.410X,"MiSP".t.41 £18038
&BTU&*I S01039
FiND S5U0O
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A.2 SAMPLE PROGRAM INPUT AND OUTPUT

I

SIUCAE MP1=2.0,AP1w3=.333, NIAX=3.3,PE3SOI-2.34S

TRY OUTPUT IS:

INPUT DATA FOR CASE NO. I

GSs i.4000 GP= 1.4000 NWSp= 1.0000

"s$POx 1.0000 API-3 .3330 BPI= 2.0000

PM3SOI= 2.3400

rOP THIS CASE, BCRIT- .8014 PCRIT= .1951

rOR THE SINUSOIDAL PRESSURE PATIO CURVE:

AMP= .100 PATG- .1000 NCTC
=  

10 TINE SLUGS/CYCLE

I TIME SLOG DATA

SLOG BEGINE PSOPO ISP HS1 PSIPI B83 PROSO P%3SO

1 SP .1059 .2465 .4487 .7215 .5435 2.9384 2.4036

2 MR .1095 .2577 .4551 .7434 .5446 2.8627 2.3398

3 NR .1095 .2577 .4551 .7434 .5446 2.8627 2.3398

4 SR .1059 .2465 .4487 .7215 .5435 2.9364 2.4036

5 SR .1000 .2205 .4186 .6935 .5362 3.0744 2.5280

6 SR .0941 .1946 .3867 .6643 .5287 3.2275 2.6679

7 SP .0905 .1786 .3659 .6454 .5240 3.3328 2.7640

8 SR .0905 .1786 .3659 .6454 .5240 3.3328 2.7640

q SR .0941 .1946 .3867 .6643 .5287 3.2275 2.6679

10 SB .1000 .2205 .4186 .6935 .5362 3.0744 2.5280

TH? MEAR VALUES OVER A PRESSURE CYCLE ARE:

MSl1 .4150 B3= .5354 PSOPO .1001

PS1PIS .6936 PMOSOf 3.0872 WSP. .2196

THE TOTAL NUMRER O TIME SLUGS READ WAS 10

1
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APPENDIX B

The initial phases of this research effort were concerned with the

development of a large-scale, cold-flow, air fluidic oscillator to pro-

vide a periodic ejector driver flow and an investigation of the potential

use of fluidic devices to enhance mixing between multiple supersonic

streams.

B.l WATER TABLE EXPERIMENTS

The preliminary stages of this investigation were based on the

hydraulic analogy and were conducted entirely on the water table. With

this approach, simple and inexpensive experimental models could be rapidly

fabricated which would provide a qualitative insight into the factors

influencing the flow.

The use of the hydraulic analogy is generally accepted for modeling

one-dimensional or plane two-dimensional, compressible flow; however, the

analogy for unsteady, compressible flow modeling is not as well understood

or accepted. Loh [40] derives the constitutive equations governing one-

dimensional channel flow of a liquid and makes a comparison with the

corresponding equations governing unsteady, compressible, isentropic flow.

He concluded that qualitatively the analogy exists although the relation-

ships between the two flows are considerably more complex.

All preliminary water table experimentation was done with styrofoam

models. These models were cut with an electrically heated nichrome wire

from four inch thick styrofoam blocks. To improve motion pictures of the

F ft.
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flow, a black polymer film was bonded to the styrofoam blocks prior to

cutting so that the upper surface of all models would be highly visible

against the white bedplate of the water table. The styrofoam models were

mounted on a wooden bedplate with specially fabricated spiked clamps.

The bedplate was clamped in position on the water table surface; gates

and ports on the bedplate controlled the flow of water to the oscillator

models.

Three basic fluidic oscillator geometries were investigated and are

shown in Figs. B.l-l, B.l-2, and B.l-3. The principles of operation of

the single-jet oscillator are discussed fully in Section 3.1; in a similar

fashion, the balance-ended oscillator exploits the bistability of a jet

impinging on a knife-edge. The middle jet of the three-jet interleaved

oscillator is steady and is supplied through a port on the surface of the

water table bedplate. These oscillator configurations were selected

because of their simplicity and adaptability to the problems of interest.

A flip-flop jet oscillator similar to Viets' configuration [30,31] was not

considered because of the potential for high flow losses and its relative

complexity.

The experimental procedure during the hydraulic analogy experiments

was to gradually increase the height of the water in the large plenum

upstream of the oscillator model being investigated until a desired level

was reached and then the observations were made. The individual styrofoam

pieces of the model could be repositioned easily so that the effects of

the relative positions of the pieces could be investigated quickly.

AL
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The objectives of these preliminary hydraulic analogy experiments

were:

1. To investigate the operational characteristics of these

oscill1ator configurations;

2. To determine the factors influencing their behavior;

3. To determine if the pulsations of the three-jet oscillator

enhanced mixing between interleaved supersonic streams;

and

4. To examine a supersonic-subsonic ejector configuration on

the water table which is driven by the single-jet

oscillator in order to gain insight into the flow

phenomena involved.

The single-jet oscillator configuration shown in Fig. B.1-1 performed

very poorly. The motion of the jet was extremely irregular, moving only

slightly left or right of the knife-edge and producing nearly negligible

pressure pulses. The centerbody forming the feedback loop was recontouredI

as shown in Fig. B.1-4. The tendency of a jet to attach to a nearby wall,

the Coanda effect, tends to pull the inlet jet away from the knife-edge

so that it is directed into the feedback loop. The narrower feedback loop

channel and the now vigorous action of the jet resulted in a strong pres-

sure pulse moving through the feedback loop. The proximity of the feed-

back loop centerbody to the inlet jet also causes the inlet jet to flip

well across the knife-edge into the resonance chamber when the feedback

loop pulse reaches the inlet. This is because the surge of flow in the

'I feedback loop can exit the loop only by deflecting the inlet jet toward

the resonance chamber.
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Figure B.1-5 is a photograph of a plexiglass model with the feedback

loop centerbody moved away from the inlet jet. Figure B.1-6 is the same

model with the centerbody moved slightly towards the jet. The jet action

in the latter figure is much more pronounced and stable.

The balance-ended oscillator exhibited stability problems. If the

stagnation height of the water in the plenum was gradually and carefully

increased during start-up, the oscillator operated at about .44 Hz. A

rapid start-up of the oscillator or a disturbance in the oscillator would

result in the oscillator operating at approximately twice the previous

frequency, about .90 Hz, and at half of the previous amplitude. Apparently

the lack of surfaces near the jet leave it free to oscillate in higher

frequency modes. If the resonance chambers are capable of sustaining

these higher frequency modes, the oscillator will be somewhat unpredictable

and unstable operation will be observed. Control vanes were positioned in

the vicinity of the jet inlet as shown in Fig. B.1-7. The tendency for

the jet to attach to these surfaces caused the jet to flip further to the

left and right. This action prevented the jet from oscillating in higher

frequency modes and increased the amplitude of the pulses.

Figure B.1-8 is the flow field produced by the three-jet oscillator.

The large undulations in the steady jet at the center were absent when all

three jets were steady.

The single-jet oscillator was also used to drive a supersonic-subsonic

configuration during the hydraulic analogy experiments. Not much time was

spent on this model due to leakage and secondary flow control problems.
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, IThe effects of the pulsed driver on the shock wave structure within the
Fl mixing duct and the rapid mixing of primary and secondary streams after

the disintegration of the supersonic core, see Section 3.3.2, were observed.

A Super-8 color film detailing the above experiments is available

upon request from Professor A. L. Addy.

The final series of hydraulic analogy experiments were performed

with a plexiglass model of the single-jet oscillator; this is shown in

Fig. B.l-9. The plexiglass model has greater dimensional stability and

control than the styrofoam model. The experiments with the styrofoam

model gave only a crude picture of what factors affected oscillator per-

formance and how. Features incorporated into the plexiglass model included

(1) adjustable inlet and outlet jet widths, (2) adjustable inlet to knife-

edge separation distance, and (3) a movable feedback loop centerbody.

Leakage, which had been a problem with the styrofoam model, was prevented

by using o-rings and a vacuum hold-down system.

Frequency, waveform, and amplitude characteristics of the single-jet

oscillator model were accurately determined by videotaping, through the

transparent glass and plexiglass walls of the water table and resonance

chamber of the oscillator model, the passage of waves in the resonance

chamber. A ruled scale and timer were located within the camera's view.

Stop action, single-frame advance, and slow motion features of the video

system aided accurate waveform and amplitude determination.

tThis series of experiments and the design of the plexiglass oscillator

model were performed by T. R. Stover [42], former graduate student.

............ ....
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A series of experiments were conducted with this oscillator model

following a classical experiment sequence. The variables of interest were

the ratio of the outlet jet to inlet jet width, the ratio of the inlet to

knife-edge separation distance to the inlet jet width, and the ratio of

the inlet jet width to the oscillator resonance chamber length. These

ratios will be referred to as R,, , and R,,, respectively.

Oscillator frequencies were found to be 12% less than what surface

wave theory suggests. This is certainly due in part to the time required

for the jet to flip across the knife-edge and then back again. Also, the

ratio of the wave amplitude to mean water height was not negligible.

Amplitudes were found to rapidly increase with the ratio of knife-

edge separation distance to inlet jet width, R 2 9 to some maximum value

and then to gradually decrease as this ratio was further increased. The

value of R2at which the maximum amplitudes occurred was insensitive to R

but increased slightly as R3was decreased.

The ratio of the mean height of the water in the resonance chamber to

the plenum chamber stagnation height was linearly proportional to R,. Wave

amplitudes were found to increase with R, up to R,= 1.0. Lesser ampli-

tudes were always observed when Riwas further increased to R,= 1.3.

Generally amplitudes were found to increase with R3too. These facts sug-

gest that the maximum amplitudes are obtained at the maximum mass flowrate;

i.e., when the inlet jet has the most energy as it flip-flops. Choking at

the inlet appears to occur if RI>1.0.

The waveform was not significantly altered by changes of any of these

geometric ratios. The waveform rise times decreased slightly as the mass
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flowrate was increased. A higher frequency beat was always noticed at the

peak of each pulse. This was due to transverse oscillations of the jet

while it resided in the resonance chamber. This is believed to be the

cause of the high frequency beats seen in the air flow oscillator, see

Fig. 3.3.2-29.

The results of these experiments were used to design the air flow

oscillator. A value of Riwas selected that was sufficiently small to

ensure, beyond any doubt, that the C-D primary flow nozzle at the ejector

inlet was always choked but R1 was still sufficiently close to a value of

1.0 such that the maximum amplitude pressure pulses were approached;

R 2/3 was used. The oscillator design incorporated a movable knife-

edge so that amplitudes could be adjusted. It was assumed that the mass

flowrate through the oscillator would be large enough so that the optimum

value of R2would not be too large. A moderate value of R 2 was used to

determine the maximum knife-edge separation given the inlet jet width.

Unless this value of Rwas far too small, the amplitude of the pulses

obtained at the maximum knife-edge separation would be near the maximum

obtainable for the previously selected value of R1.

Details concerning the design and performance of the large-scale air

flow oscillator can be found in Sections 3.1 and 3.3 of this report.

B.2 AIR FLOW FLUIDIC OSCILLATOR EXPERIMENTS

A series of cold air flow experiments were run with the fluidic

oscillator prior to all ejector experiments. Frequencies from 75 Hz to

250 Hz were examined; the highest frequency was limited by the minimum

possible lengths of the feedback loop and resonance chamber.
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The operating frequencies of the oscillator were about 25% less than

the estimates made assuming pulses moved at the estimated sonic speed.

By changing the resonance chamber length while keeping the feedback loop

length constant and measuring the resulting frequencies, it was possible

to estimate pulse propagation speeds. Propagation speeds were in excess

of the sonic velocity as expected. Thus, it appears the time it takes the

inlet jet to flip-flop is the cause for the low operating frequency limits.

The ratio of the resonance chamber to feedback loop lengths were

varied over a wide range with no apparent effects other than frequency

effects.

The results of these experiments were used to determine which operat-

ing frequencies and oscillator configurations would be used in the ejector

experiments. The knife-edge setting was left at the maximum R or

separation distance. Pressure pulses were considered to be sufficiently

large and extending the knife could have caused vibration or leakage

problems.

-""OWIj
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Fiqure B.1-2 The balance-ended oscillator
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Figure B.1-3 The three-jet interleaved oscillator
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Figure B.1-5 Single-jet oscillator with centerbody moved away
from inlet jet
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Figure B.1-6 Single-jet oscillator with centerbody in position
for jet attachment
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1 Figure B.1-9 Plexiglass model of the single-jet oscillator
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APPENDIX C

This appendix lists the faculty, graduate students, and support staff

who participated on a part-time basis during the performance of this

research grant.

FACULTY

A. L. Addy
Principal Investigator
Professor of Mechanical Engineering

GRADUATE STUDENTS

J. C. Dutton
Ph.D. 1979
Lawrence Livermore Laboratories

H. L. Petrie
M.S. 1979
Ph.D. Candidate

S. H. White
M.S. 1978
E. I. Du Pont De Nemours

T. R. Stover
M.S. 1978
Cummins Diesel

M. R. Sandberg
M.S. 1977
Petro-Marine, Inc.

V. Amatucci
M.S. Candidate

D. Kuntz
M.S. Candidate

SUPPORT STAFF

Karen Bryan
Clerk-Stenographer III
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Allen F. Stephens
Research Machine Shop Supervisor
Leroy Westendorf

Instrument Maker I
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